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X-RAY FRACTIONATION AND CHROMOSOME 
BREAKAGE 


GEORGE ROY LANE 
Botany Department, University College, Southampton 
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1. INTRODUCTION 


Tue study of dose fractionation in relation to the biological effect 
of ionising radiation, apart from its direct application to radiotherapy, 
has played a considerable part in the investigation of the mode of 
action of the radiation. It has played this part together with the 
study of dose effect, of intensity effect and of the relative effectiveness 
of different wave-lengths and types of radiation. Thus certain effects, 
such as the inactivation of viruses, the killing of bacteria and the 
production of gene mutation in Drosophila have been interpreted as 
being due to single ionisations within the region known as the “target ”’, 
rather than to a cumulative effect of radiation. A full treatment of 
the data and arguments upon which this conclusion is based, has 
been given by Lea (1946). Briefly, the recognition of this type of 
action is based upon survival curves showing the effect to be pro- 
portional to dose (densely ionising radiations being less effective), 
and upon the effect for a given dose being independent of intensity 
and the manner in which the dose is fractionated so long as the 
sensitivity of the material to the radiation remains constant during 
the period over which the dose is spread. 

Not unnaturally the same method of approach, based on study 
of the dependence of the effect on dose, type of radiation, intensity 
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and mode of fractionation, has been applied in the investigation of 
the mode of action of ionising radiation in causing chromosome 
breakage. But with chromosome breakage, investigation of the 
quantitative relationship between ionisation and effect is obviously 
far more complicated, and the full extent of its complexity has not 
been generally realised. The complexity of the problem arises from 
the fact that the chromosomes are part of a physiological system, 
the cell, which undergoes cyclic changes affecting their sensitivity 
to breakage by ionising radiations. This developmental cycle is 
affected by the environment which includes the radiation itself. 

The study of chromosome breakage is, moreover, complicated by 
the fact that it can be detected and analysed only after a period of 
development of a few hours to many days according to the material. 
During this time restitution and various types of reunion have occurred, 
so that only a proportion of the original breaks can be detected either 
as breaks or more complex structural changes. Hence, in the study 
of chromosome breakage, by examination at a later period of develop- 
ment, a correct interpretation of the changes which have taken place 
between irradiation and observation, and a knowledge of the factors 
influencing these changes is essential for a correct estimate of the 
initial effects of the radiation. 

The most extensively used materials for the quantitative study of 
radiation-induced chromosome breakage have been Drosophila sperm 
and Tradescantia pollen-grains. The methods used in the study of 
breakage in Drosophila, although they have the advantage that the 
material at the time of irradiation is in a relatively stable and uniform 
stage of development, have the limitation that many divisions occur 
between irradiation of the males and observation of the results in 
the salivary gland chromosomes of larve resulting from mating of the 
treated flies with normal females. Consequently many of the structural 
changes resulting from irradiation are inevitably lost, owing to 
inviability of the cells containing them. Only certain types of inter- 
change, inversions and minute deletions unaccompanied by inviable 
changes can be observed, and anything approaching a complete 
analysis is impossible. It is therefore not surprising that data on the 
relation between dose, intensity, manner of fractionation and the 
resulting changes in Drosophila show a lack of consistency. 

The method initiated by Sax (1938) and subsequently used by 
many other workers, for the quantitative study of breakage in 
developing pollen-grains of Tradescantia does not possess the same 
limitation. The pollen grains are examined at the metaphase and 
anaphase following irradiation so that all cells survive for examination. 
None-the-less the period of time elapsing between irradiation and 
observation necessitates a design of experiment and a method of 
analysis which take into consideration as fully and correctly as possible 
all that takes place during this period. Moreover, as the stage at 
which the pollen grains are irradiated can be deduced only from the 
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time elapsing between irradiation and fixation, great care must be 
exercised to ensure that the design of experiments allows for any 
factors, whether environmental (including the radiation itself) or 
internal, which may influence the rate of development. Differences 
in the rate of development are important because they may lead, 
particularly when development is rapid at the time of irradiation, 
to significant differences in the stage of development at which different 
anthers or pollen grains are irradiated, with the same time interval 
between irradiation and fixation. Moreover, there is considerable 
evidence that the rate of development itself affects the sensitivity to 
radiation. 

The full significance of these complications, which arise from the 
use of developing biological material for quantitative experiments 
in radiation breakage, has not generally been recognised. This was 
first pointed out by Darlington and La Cour (1945) and subsequently 
Koller (1946) and Darlington and Koller (1947) have drawn attention 
to the danger of accepting, without due caution, theoretical deductions 
based on experiments in which the above complications have not 
been fully taken into account. Darlington and La Cour (1945) 
expressed the view that in quantitative experiments on X-ray breakage 
certain rules must be followed ; briefly, that the cell cycle must be 
studied at close stages, that temperature and other conditions must 
be controlled, that doses must be low and analysis must be as complete 
as possible, breakage and reunion being recorded separately. These 
rules have particular significance for studies of the time factor, i.e. 
intensity and fractionation effect. 

Study of breakage at stages throughout the mitotic cycle in 
Tradescantia pollen grains (Sax and Swanson, 1941 ; Darlington and 
La Cour, 1945; Catcheside and Lea, see Catcheside, 1948) shows 
that the breakage frequency changes sharply, peak frequencies 
occurring at certain periods, the time of the peaks in relation to 
metaphase varying according to the conditions of growth and the 
dose administered. Sax and Swanson, using uncontrolled temperatures 
during the period of development considered that the most sensitive 
period is shortly before mid-prophase ; Darlington and La Cour, 
on the other hand, using controlled temperatures concluded that 
the peaks occur at the end of the resting stage. Whatever the stage 
in the mitotic cycle at which the peaks occur, the data of all authors 
show that the sensitivity is rapidly changing at short periods of 
12-36 hours before fixation when chromatid breakage is prevalent. 
If a dose of radiation is spread over varying periods by altering the 
dosage rate or by fractionation, the dose may consequently cover 
different parts of the sloping sensitivity curve especially if the radiation 
is given at periods around 24 hours. 

Koller (1946) in investigating the effects of dosage rate in Trades- 
cantia pollen attached little value to data obtained from material 
fixed 24 hours after irradiation (with material kept at 23-24° C.). 
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The 24-hour samples showed excessive variation, which he attributed 
to relatively large effects of environmental variation at the period 
of chromosome division (when the cell is in an unstable state), and 
also to the effect of the radiation itself upon the time scale of develop- 
ment. Darlington and La Cour (1945) have, in fact, inferred that 
the duration of the development cycle (as shown by breakage frequency) 
is reduced when the dose is increased. Intensity also may have some 
effect although present data are insufficient (Catcheside 1948). 
Further, Darlington and La Cour (loc. cit.) produced evidence that, 
in Allium and Trillium roots, suppression of mitosis occurs depending 
on duration and amount of the dose; Koller (1946) also reported 
mitosis suppression with doses of 200 r. given at 50 r./min. and 5 r./min. 
but not at lower intensities. Clearly the effect of radiation on the 
rate of development of the pollen grains is not a simple one; it 
depends on the stage of development at which the radiation is given 
as well as on the dose and possibly the intensity. 

From the above considerations it follows that experiments using 
relatively short time periods with Tradescantia pollen to investigate 
the effect of varying intensity and fractionation are of little value. 
In the experiments of Sax (1939, 1940, 1941) and Fabergé (1940), 
designed to investigate the effect of fractionation of X-ray dose with 
Tradescantia pollen, a reduction in the frequency of certain types of 
aberration with fractionation of the dose was demonstrated. Con- 
siderable weight was attached by Sax to observations of chromatid 
breakage (at periods of about 24 hours after irradiation). For example, 
the conclusion that the frequency of simple breaks is unaffected by 
fractionation was based entirely on observations of chromatid breakage. 

Further, Sax made no mention of temperature control in the 
period between irradiation and fixation. Omission of temperature 
control during development particularly vitiates the results in the case 
of chromatid breakage because, for reasons stated above, any variation 
in the rate of development will have particularly far-reaching 
consequences when the time interval between irradiation and fixation 
is short. 

Again, the methods of scoring and analysis used by both Sax and 
Fabergé in their fractionation experiments are open to the objection 
that they are incomplete and do not permit an analysis of breakage 
and reunion. Fabergé (loc. cit.) used relatively high doses of 1320, 
2640 and 3960 r. and consequently anything approaching a complete 
analysis was impossible. His method of scoring was to count the total 
number of chromosome bodies in each cell. Sax, for chromosome 
breakage, scored only centric ring and dicentric chromosomes at 
metaphase and anaphase. All acentric fragments were ignored. 
Chromatid breakage was scored as “2-hit” or “ 1-hit” breaks, 
according to whether the aberration involved reunion or not. 

The data from these early experiments still constitute the only 
source of our knowledge of the effect of fractionation of X-ray dose 
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on breakage in Tradescantia. Their interpretation, moreover, still 
forms an important part of the basis for certain theories concerning 
reunion, restitution and sister reunion, which have far-reaching 
implications for the interpretation of the observed chromosome changes 
in terms of the target theory of radiation action (see Gray, 1944 ; 
Lea, 1946 ; Catcheside, 1945, 1948). 

In view of the deficiencies in design and inference inherent in 
this earlier work, the desirability of further experiment in order to 
obtain more critical information is obvious. The experiments 
described below have been designed and carried out with this in view. 


2. EXPERIMENTAL METHOD 
(i) General Plan of the Experiments 
The experiments, which cover three growing seasons (1947, 1948 
and 1949), were planned to investigate quantitatively the effect on 


TABLE 1 


Code letters for doses and time intervals used. In all cases where the dose was divided into 
Sractions the time interval between X-raying and fixation was measured from the first 
dose 


Time between 
Date of Batch of Dose and 
Experiment | Irradiation | Material fractionation 
“Rh” 19/6/47 A 100 r.—4 hrs.—100 r. 48 hrs. 
Dosage rate 12/6/47 B 200 r. 48 hrs. 
28°5 r./min. 19/6/47 Cc 100 r. 48 hrs. 
Dosage rate 
29°5 r./min. a AA 180 r.—4 hrs.—180 r 72 hrs. 
ee BB 360 r. 72 hrs. 
rate 
28-0 r./min. r.—4 hrs.—180 r. 
360 r. 
je 3B 360 r. 144 hrs. 
15/6 B 6or. 72 hrs. 
Dosage rate E 180 r.—1 hr.—180 r 
25°0 r./min, D 180 r.—2 hrs.—180 r. ad 
‘s A 180 r.—4 hrs.—180 r pon 
a F 180 r.—8 hrs.—180 r ” 
Cc 180 r. 
am 17/6 Go r. 
Dosage rate 49 E 380 r.—1 hr.—18o0 r. 
25°0 r./min. G 180 r.—6 hrs.—180 r. 


chromosome breakage in the developing pollen grains of Tradescantia, 

of dividing a given dose into two fractions separated by a period of a 

few hours. The experiments carried out in the first two years were 
A2 
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designed not only to obtain data on the effect of separating fractions 
by four hours, but in addition, to obtain information on the following 
important matters : (a) the appropriate dose which will give sufficient 
breakage and yet allow a complete analysis, (5) suitable conditions 
of growth between irradiation and fixation of the material, and methods 
of controlling these conditions, (c) the most suitable time period to 
allow between irradiation and fixation, bearing in mind the importance 
of avoiding irradiation at a time of rapid development and change of 
sensitivity. The final experiments (1949) were designed to explore 
the effect of varying the time interval between two fractions. 


(ii) Material and Conditions of Growth 


In all the experiments the material used was clone 20’ of Tradescantia bracteata 
obtained from the John Innes Horticultural Institution. This material was selected 
because the pollen grains have only six chromosomes which are large and technically 
suitable for detailed cytological analysis and contain no centric fragments. The 
plants of the clone, which is self-sterile, can easily be distinguished from seedlings 
resulting from cross-pollination, by the light colour of the flowers. The main 
disadvantage of the clone is its lack of vigour in all but the most suitable conditions. 

Young shoots with no mature flowers were cut on the day before irradiation 
and placed in a chamber with the temperature controlled at about 23° C., the actual 
temperature throughout the experiment being recorded. In 1947 the temperature 
in the growth chamber dropped at times from 23° C. to 20° C., but in the later 
experiments the method of control was improved, enabling temperature to be 
strictly controlled between 23° C. and 24° C. 

Young shoots were always used because it was found that they retained their 
vigour as cut shoots more readily for several days, and were more likely than older 
shoots to possess buds at the required stage of development at the time of fixation. 
Five or six shoots were removed from the temperature control chamber for each 
X-raying and were replaced in temperature control between irradiation and 
fixation and, in the case of fractionated doses, between the fractions. The irradiation 
was carried out at room temperature which in no case varied more than 1° C. 
from 18°C. A short period without temperature control occurred immediately 
before and after irradiation while the material was conveyed from the growth 
chamber to the X-ray room. Tests were made for temperature variation during 
these periods and showed that no great fluctuation occurred. 

It was found that conditions of illumination are an important factor in the 
survival in good condition of the pollen grains over a period of several days. After 
the third day in very weak illumination the anthers tended to dry up and the pollen 
grains to abort. In 1948 the material was illuminated in the growth chamber by 
an 8o-watt fluorescent tube and for the later experiments a lighting unit was 
constructed with six 40-watt fluorescent tubes which could be arranged against 
the glass of the growth chamber. The heat given out by these tubes complicated 
temperature control, but the difficulty was overcome by using an electric fan cooling 
system. Under these conditions the shoots and pollen grains could be maintained 
in good condition for many days. 

Owing to climatic variation during the three years, the plants from which material 
for the different experiments was taken were not grown under uniform conditions. 
This fact, and the variation in the controlled conditions from year to year, may 
account for the difference in breakage frequency observed in different years. As 
Koller (1946) has pointed out, a “ standard breakage frequency ” does not exist. 
Quantitative comparisons of irradiation effects produced in different years are 
thus of little value without adequate controls. In all cases variations in the controlled 
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conditions are recorded, and where comparisons are made between material 
irradiated on different days, with periods of time intervening in which the conditions 
of growth of the plants may have changed, controls were used with the same dose 
to ensure comparability. The only exception to this was the comparison made in 
1947 between the results of two irradiations carried out a week apart. 


(iii) Cytological Technique 


At the time for fixation, buds were tested for stage of development by removing 
one anther and squashing in acetic lacmoid. If the frequency of metaphase stages 
was fairly high, the other five anthers were immediately smeared on one slide and 
fixed in one part acetic acid with three parts absolute alcohol, freshly mixed for 
each batch of three slides. After 20-30 minutes in the fixative the slides were 
transferred to 95 per cent. alcohol and left overnight, before staining by the Feulgen 
method. Slides were partially flattened before mounting, using the method of 
La Cour (1947). 


(iv) X-raying 


In all experiments the X-ray treatment was given at 135 kv. and 5 mA. with 
focal distance of 50 cm. (average) using an applicator of 10 cm. diameter circle. 
Filtration of 1-o mm. aluminium gave a half-value layer for the radiation of 0-07 mm. 
copper. The dose was calculated but checked periodically with a dosimeter. The 
dosage rate was constant for each experiment, but varied from 25°5 to 29°5 r. per 
minute for the different experiments. 


(v) Method of analysis and scoring 


In sampling the slides, the first suitable anther smears encountered 
in an examination of the batch from each irradiation, were chosen 
for analysis, the criteria of suitability being a sufficient number of 
metaphase stages and a relatively early developmental stage as deduced 
from the proportion of binucleate cells. Anthers with a percentage 
of binucleate cells above 40 were rejected, and in most cases the 
percentage in those analysed was between 10 and 30. The importance 
of taking the developmental stage into consideration lies in the fact 
that the developmental rate and hence the sensitivity of the pollen 
grains as they approach mitosis is dependent upon the developmental 
stage of the anther, owing to convergent development within the 
anther (see Darlington and La Cour, 1945). Where possible, two 
anthers from separate slides were chosen for analysis from each 
irradiation and recorded separately as a check on variability between 
anthers and buds. As can be seen from the tables of breakage frequency, 
the variability between the two anthers is usually remarkably small. 

In cell sampling, in order to avoid unconscious choice of meta- 
phases for analysis, every metaphase in polar view, coming into the 
field as the smear was traversed under oil immersion objective, was 
analysed until the required number was reached. 

The method of scoring is based on that elaborated by Darlington 
and Upcott (1941) and Darlington and La Cour (1945). This 
method enables the various events occurring from the time of irradiation 
to observation of the resulting chromosome configurations to be 
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separated, as far as possible, and is considered to be the most complete 
and consistent in observation and inference. 

Metaphases only were included in the analysis, as the inclusion 
of anaphases introduces additional difficulties of interpretation. For 
example, the configuration illustrated in plate II, fig. 5, a dicentric 
ring at anaphase, could result from an earlier centric ring or a centric 
fragment with sister reunion at both ends (see Darlington and Upcott, 
1941). Similarly, the odd dicentric in plate II, fig. 7 could result 
either from sister reunion following a single distal break, or from 
chromatid union following distal breaks in two separate chromosomes 
accompanied by reunion of acentrics. The terminology of chromosome 
structures and changes is that given in the appendix and glossary of 
Darlington and Mather (1949). 

Certain difficulties of interpretation were encountered, some 
inherent and some due to circumstances such as the position of the 
chromosomes or their degree of contraction. For example, fig. 2 
shows a configuration similar to fig. 18, 48h. of Darlington and 
La Cour (1945), a ring surrounding another chromosome. Several 
such figures were observed ; they were interpreted as a centric ring 
surrounding an unbroken chromosome when an undoubted acentric 
chromosome fragment of the appropriate size occurred in the same cell. 

In a few of the anthers analysed, dwarf pollen grains of the type 
described by La Cour (1949) were observed in mitosis in small numbers. 
The proportion in metaphase or anaphase was always very low because 
the anthers were chosen with early developmental stage, mitosis 
in these dwarf pollen grains usually beginning at about the time it 
ceases in the normal grains. These anomalous pollen grains were not 
included in the analysis and were easily recognisable by the abnormal 
orientation of the spindle. Plate II, fig. 10 shows interlocked dicentric 
chromosomes at anaphase in a dwarf pollen grain ; the longitudinal 
orientation of the spindle can be seen in contrast to the normal 
orientation in plate II, fig. 8, which shows the same configuration 
in a normal pollen grain. 

Occasionally pollen grains were observed with abnormal chromo- 
some numbers. The most common were grains with a diploid nucleus, 
two haploid nuclei and grains incompletely separated in sporogenesis. 
These were rejected in analysis and the anthers bearing them in any 
numbers were rejected. They are probably due to abnormal conditions 
such as drought or sudden temperature change during meiosis. 
Various types are shown in plate III, together with normal grains. 

The most frequent type of radiation-induced chromosome 
abnormalities observed were (a) paired more or less spherical acentric 
fragments of various sizes (figs. 7, 8, etc., plate I, fig. 7), (b) dicentric 
chromosomes accompanied by acentric fragments (fig. 7 and plate I, 
fig. 3), (c) centric rings accompanied by acentric fragments (figs. 4, 
Q, 11, etc.). Sometimes a single cell contained more than one dicentric 
(fig. 5), more than one centric ring (fig. 2), a ring and a dicentric 
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Fics. 1-8.—Pollen grains of Tradescantia bracteata in metaphase after X-raying. Dose, 
time after X-raying, time between fractions, symbols of inferred structural change 
and scoring of breakage and reunion are given for each figure :— 


Fic. 1.—360 r., 72 hrs., 1 hr., Cyr+Co, (B’.R”). 

Fic. 2.—360 r., 72 hrs., 4 hrs., 2C,r+C,+3Co, (3B”.3R”). 

Fic. 3.—360 r., 72 hrs., 1 hr., Cyr-+C,+2C,)+2m, (2B”.2R”.2mB”). 
Fic. 4.—360 r., 72 hrs., 4 hrs., Cyr+Co, (B”.R”). 

Fic. 5.—360 r., 72 hrs., ——3C,+3C)+m, (3B’.3R”.mB”). 

Fic. 6.—360 r., 48 hrs., 4 hrs., Cg+Cy+m, (B’.R” .mB’). 

Fic. 7.—360 r., 72 hrs., ——C,+C)+m, (B’.R”.mB’). 

Fic. 8.—360 r., 72 hrs., ——2m, (2mB”). 


Ses 
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(fig. 3) or a tricentric chromosome (fig. 10 and plate I, fig. 4). Usually 
only one acentric accompanied each dicentric or centric ring chromo- 
some, indicating that reunion of centrics is usually accompanied by 
reunion of acentrics. Where the number of acentrics in a cell exceeded 
one per dicentric chromosome or centric ring, those in excess of this 
number were usually small and spherical. Thus in fig. 6 and plate I, 
fig. 2, a dicentric is accompanied by one rod-shaped acentric chromo- 
some fragment and one pair of spherical fragments. 

Minutes. The interpretation of these small acentric fragments is 
one of the main difficulties in analysis of chromosome breakage and 
has been discussed in relation to Tradescantia by Rick (1940) and 
Darlington and La Cour (1945). The difficulty is that cytological 
examination cannot distinguish whether these small fragments are 
terminal deficiencies resulting from single breaks or whether they 
are intercalary deletions resulting from two breaks close together on 
the chromosome, followed by reunion of the terminal portions of the 
chromosome to form apparently unbroken chromosomes, and reunion 
of the ends of the deletion to form small acentric rings. Giles (1943) 
has pointed out that in some previous work deletions had not been 
distinguished from deficiencies and that this accounted for some of 
the discrepancies between different quantitative estimations of breakage 
in Tradescantia. Thoday (1942) scored approximately the same 
frequency of simple breaks as of dicentrics and rings five days after 
an X-ray dose of 100 r. and 200 r., whereas Sax (1939) ignored simple 
deficiencies because of their rarity at five days after irradiation. 
Considerable discrepancies have appeared between subsequent estima- 
tions of the proportion of acentrics considered to be simple deficiencies 
at three days after X-raying (cf. Darlington and La Cour, 1945 and 
Koller, 1946). It is possible that these discrepancies are due to 
different interpretation of the small acentrics. 

Consideration of the distribution of breaks in the chromosome 
arms and of the proportion of small acentric fragments bearing satellites 
and of their frequency curves in relation to dose, led Rick (1940) 
to the conclusion that in Tradescantia such fragments are almost 
entirely of ring structure and of intercalary origin. Newcombe (1942) 
came to this conclusion on the grounds that they showed little, if 
any, sister reunion. From theoretical considerations, the same inter- 
pretation had previously been given to minute deletions in Drosophila 
by Muller (1940) and to very small acentrics in Tradescantia pollen 
by Sax (1938), the assumption being that the two breaks result from 
a single ionisation. Darlington and La Cour (1945) include under 
the term “ minute ” spherical acentric fragments less than the diameter 
of a chromatid and often visibly double. They deduce, on the basis 
of a statistical comparison with breakage and reunion involving 
major fragments, that the majority of minutes are the result of reunion 
following two independent breaks close together in the chromosome, 
and that they depend for their survival on reunion (to give rings) 
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Fics. 9-16.—Pollen grains of Tradescantia bracteata in metaphase after X-raying. Dose, 
time after X-raying, time between fractions, symbols of inferred structural change 
and scoring of breakage and reunion are given for each figure :— 


Fic. 
Fic. 
Fic. 
Fic. 
Fic. 
Fic. 
Fic. 
Fic. 


9.—360 r., 72 hrs., ——C,r+Cy)+m, (B”.R”.mB”). 

10.—360 r., 72 hrs., 8 hrs., C;+2Cp, (2B”.2R”). 

11.—180 r., 72 hrs., ——C,r+Co, (B”.R”). 

12.—360 r., 48 hrs., constriction considered as restitution. 
13.—360 r., 72 hrs., 1 hr., Co’-+m, (B’.mB”). 

14.—360 r., 72 hrs., ——Cg (triradial)++Cy, (2B”.R”.R’.C,SR). 
15.—360 r., 72 hrs., 4 hrs., Cy’, (B’). 

16.—360 r., 72 hrs., 1 hr., Cyr+Cy+Cy,’, (B’.R”.B’). 
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in competition with restitution. This conclusion was arrived at 
earlier by Darlington and Upcott (1941) in regard to small acentrics 
arising by spontaneous breakage in Tulipa, on a number of grounds 
including comparisons of frequencies of acentrics of different sizes 
and the lack of sister reunion in them. 

In the present experiments a considerable number of small acentric 
fragments were found, of about the diameter of the chromatid or 
sometimes slightly larger and usually visibly double (fig. 8). They 
have the appearance of “‘ large minutes ”’ but their size and contraction 
preclude the possibility of distinguishing by cytological examination 
whether they are simple terminal deficiencies or intercalary deletions 
of the ring type. In a few cases they are clearly the product of reunion 
of two small terminal acentrics; i.e. when a single small fragment 
accompanies an exceptionally long dicentric chromosome or a large 


centric ring (figs. 4, 7, Plate II, fig. 6). With regard to the rest, a 


small. proportion of them may be short terminal deficiencies caused 
by breaks in the distal portions of chromosomes, but they are scored 
as minutes on the following grounds. Undoubted rod-shaped acentrics 
are very rare in the absence of dicentrics or centric rings in the same 
cell, and when they do occur, they and the corresponding centric 
fragment often show sister reunion (plate I, fig. 5, and plate IT, fig. 9), 
whereas the small acentrics are almost always visibly double and 
sister reunion cannot have occurred. The occurrence of what can 
only be interpreted as small centric rings accompanied by acentrics 
not appreciably shorter than the total length of the chromosome 
(fig. 11 and plate I, fig. 8) shows that reunion of the minute type 
(to give fragments of about the size of the diameter of the chromosome) 
does occur ; in fact small centric rings are much more frequent than 
large rings of the type shown in figs. 2 and 4. Moreover, it also 
demonstrates, as does the occurrence of considerable numbers of 
dicentrics with short segments between the centromeres (fig. 6 and 
plate I, fig. 6), that breakage is frequent in the proximal portion 
of the chromosomes. This, coupled with the rarity of the survival 
of simple proximal breaks to leave rod-shaped acentrics, suggests 
that simple deletion as a whole is rare and that breaks depend largely 
on reunion for their survival at fixation time of 48 hours or more 
after irradiation. 

Additional evidence of the ring structure of the round fragments 
is obtained from study of prophase nuclei where obvious ring chromo- 
somes of various sizes are common (plate II, figs. 1 and 2). The 
smaller ones are more common, two occurring occasionally in a 
single nucleus. Most of them are probably acentric rings giving rise 
to the commonly occurring round metaphase acentrics. Clear ring 
chromosomes of larger size are, however, much more common than 
at metaphase and it is assumed that most of them lose their obvious 
ring structure owing to the greater contraction at metaphase (figs. 9 
and 16), only the largest showing clear ring structure as in figs. 2 
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and 4. It is concluded, therefore, that the vast majority of small 
paired spherical acentric fragments, of whatever size, are intercalary 
deletions surviving by virtue of reunion to form rings. They are 
recorded separately as minutes and scored as single mB’. 

Breakage survival. Another difficulty in the complete analysis of 
chromosome breakage as distinct from chromatid breakage is the 
fact that breaks in chromosomes as distinct from breaks in chromatids 
can disappear before metaphase, not only by restitution but by reunion. 
Thus reciprocal interchanges formed by symmetrical reunion of centric 
with acentric fragments can be detected only if the interchange is so 
unequal that it gives rise to chromosomes with appreciably abnormal 
short or long arms (fig. 3 and plate I, fig. 6). Such interchanges 
must consequently be neglected in direct scoring. Similarly, 
symmetrical chromosome reunion within chromosomes giving rise to 
inversions can never be detected at metaphase as can chromatid 
inversions. Reunion of two acentric fragments to form one, cannot — 
be detected directly by cytological observation, though it can often 
be inferred from a complete analysis of the cell in which it occurs, 
and can be suspected in the absence of sister reunion. 

Darlington and La Cour (1945) recognised this difficulty and 
dealt with it by the use of a correction. The number of chromosome 
breaks (B”) is in the first place estimated by counting acentrics and 
for certain purposes the correction 2R”C, (twice the number of 
chromosome reunions in centrics) may be added to this estimate. 
Whereas this undoubtedly gives a truer statistical analysis of breakage, 
it does not solve the difficulty of classification of individual cells by 
number of breaks. The need for the above correction makes classifica- 
tion of cells by number of breaks of doubtful value (see Darlington 
and La Cour, 1945), as the correction, which is statistical, cannot be 
applied to individual cells. 

A small number of apparent chromatid breaks were observed 
distributed throughout the samples. In some cases they appeared 
merely as very small unstained gaps in one of the chromatids (fig. 13), 
but occasionally as typical chromatid breaks with a considerable gap 
between the chromatid ends (fig. 15). In addition one or two triradial 
configurations were observed (fig. 14). These configurations are 
considered to be due to delayed restitution of one of the chromatids 
with or without reunion of the other, in both cases following chromo- 
some breaks (see Darlington and Upcott, 1941; Darlington and 
La Cour, 1945, and Darlington and Koller, 1947). The occasional 
occurrence of a slight constriction in the unbroken chromatid, at the 
same locus as the break in the sister chromatid, confirms this inter- 
pretation (fig. 16). No other explanation would appear to account 
satisfactorily for their occurrence at 48 and 72 hours after irradiation 
at this temperature. 

Occasionally, short unstained gaps, sometimes traversed by thin 
stained threads, were observed in both chromatids of a chromosome 
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(fig. 12) but they were not scored as B” unless the break was distinct 
and the fragments clearly separated and out of alignment (fig. 5). 
In the few cases where the two fragments remain aligned, but separated 
by a gap, they were scored as B”, although it is probable that they 
are in reality cases of restitution. 


3. EXPERIMENTAL RESULTS 


First Series—The results from the experimental work carried out 
in 1947 are summarised in table 2. They show that at two days 
after an X-ray dose of 200 r, the breakage frequency is considerably 
reduced when the dose is split up into two fractions separated by 
four hours. The frequency of acentric fragments (Cy) excluding 


TABLE 


Analysis of breakage and reunion in Tradescantia bracteata 
ture between X-ray and fixation approximately 


Code for batch ” 
and slide (C,") 


100 r., 48 hrs. 
(continuous dose) 


100 r., 48 hrs. 
oor hrs. 


100 r., 44 
(fractionated dose) 


200 r., 48 hrs. 
(continuous dose) 


“minutes” is reduced by approximately 40 per cent., of minute 
acentrics (m), by over 50 per cent., and of reunion of centrics (R”C,) 
by 42 per cent. Total breakage, as measured by adding the correction 
2R"C, to the number of acentrics (see Darlington and La Cour, 
1945) is reduced by 42°5 per cent. A very small number of chromatid 
breaks (B’) were observed but are not recorded and are omitted in 
the estimation of breakage frequency. 

Thus the general conclusion of Sax (1939, etc.) and Fabergé 
(1940) that continuous radiation is more effective than intermittent 
radiation in producing permanent breakage, is supported by this 
experiment. The question as to how far the further widely accepted 
conclusions regarding the cause of the different effectiveness (namely, 
the occurrence of healing or restitution (Sax) or “ repair” (Fabergé) 
in the interval between fractions) are supported or refuted by the 
present experiments is discussed below in relation to the experiments 
as a whole. 


2 
2 
R’ 
mB’ 
Cyr+C, 
oe RB1,5 160 60 18 38 
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Breakage frequency from the single half dose of 100 r. is approxi- 
mately one-third of that from the full continuous dose. On the general 
assumption that breakage is initially proportional to dose, a more 
than linear relationship between surviving breakage and dose is to 
be expected if a proportion of breaks survive (to be seen) by virtue 
of reunion. As the number of initial breaks increases with dose, the 
greater number produced in each cell will have a disproportionately 
greater chance of survival in competition with restitution. The 
chance of two breaks occurring in close enough proximity for reunion 
will be greater. Reunion will compete more successfully with restitu- 
tion. The empirical coefficient of chromosome reunion (ECR”) (see 
Darlington and La Cour, 1945), obtained by dividing the number 
of reunions in major centric fragments (i.e. in dicentrics, polycentrics 


pollen grains after continuous and fractionated doses. Tempera- 
23°C. June 1947. For Code letters see table I 


Breakage per cell 


B’(Cy” B’(Cy’+2R’C mB” Total B’ 
(Co”) (Co ») 


0:26 0-30 


0°50 0°55 


0°85 0:96 
0°63 


and centric rings) by the number of breaks as estimated from major 
acentrics (Cy), gives a measure of the proportion of recognisable 
breaks which have undergone recognisable reunion.* The data 
show that there is no significant difference between the ECR with 
continuous and fractionated dose, though that from the single half 
dose is lower. 

The frequency of reunion of centrics (i.e. in dicentrics and centric 
rings) per cell is reduced in the samples from the fractionated dose 
to about twice that from the single half dose (table 2, cf Sax, 1939 
and 1941). However, the data show that the frequency of acentrics, 

* The comparatively low figure of 0-45-0°63 may, however, give a false impression 
of the proportion of breaks which survive by virtue of reunion, firstly, because reunion of 
centrics to form dicentrics or centric rings may leave the acentrics unreunited and secondly, 
because many of the acentrics classed in this analysis as B’(Cy) are probably of the 
‘** minute ’type (and have been classed so in the later experiments). Thus the ECR is. 
in this case of doubtful value as an indicator of the proportion of breaks which have 


survived by reunion, but it is of value in comparisons between the different irradiations, 
as the criterion for scoring minutes is constant throughout the experiment. 
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whether major fragments or minutes, and the total corrected breakage 
frequency are both reduced to considerably less than twice that from 
the half dose. | 
For a number of reasons the results of the above experiment cannot 
in themselves be considered as a reliable basis for conclusions as to 1 
TABLE 
Analysis of breakage and reunion in Tradescantia bracteata pollen grains after 360 Ble 
between X-ray and fixation 24° C. May 


Code for Number of cells 
tween ime ” 
batch and | fractions | fixation B 

(hours) Total | Damaged : C, | C, | C,r 

40 13 16 8 
SA6 } 4 2 days { 40 20 12 13 6 2 : 
Total 80 41 25 a9 24] 9] 58 

TBe2 40 22 19 2 9 
SB5 } 2 days { 40 23 20 18 2 | 12 
Total 80 45 39 45 ajazi 8/3 

S AA6 40 16 
S AA6 } 4 8 days { 4o at 12 19 |... | 
Total 80 42 28 27 19/ 6/ 5 
S BB4 40 28 18 24 12 2 
S BB 4 } ° 3 days { 40 25 20 24 10 : I 

4 
Total 80 53 38 48 22| 9| 3 
TAA2 40 26 16 16 I 
TAA4 } 4 4 days { 40 21 16 6 3 : “ 
Total 80 47 32 22 27| 8| x 
T BB4 40 28 20 29 2/13 “g 
T BB4 } { 40 go 21 27 9 
Total 80 58 41 tial 
T3B ° 6 days 40 37 38 ad ee 9 2 
the cause of the reduction in breakage with fractionation. The 
conditions during the experiments were considered to be unsatisfactory 


in the following respects. The temperature was insufficiently rigidly 
controlled ; the lack of illumination of the cut shoots during the 
experiment led to deterioration in the condition of the pollen grains, 
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making analysis difficult, and caused complete failure in development 
of pollen in those shoots which remained in the growth chamber for 
a day longer than those used for analysis. The number of breaks 
scored was considered to be too low to insure that the results were 
of statistical significance, particularly in regard to the samples from 


1. as a continuous dose, and dose separated into two fractions of 180 r. Temperature 
and Fune 1948. For Code letters see table I 


Breakage per cell 
Per cent. 
binucleate 
B’(Cy”) | B’(Co”+2R"C,) | B’(Cy”)-+m Total B’ mB’ ECR’ cells 
C,”+2R’C,+m R’/B"(C,”) 
14 
27 
O-31 0°89 0-68 1°25 0:36 0°92 
20 
16 
0°49 1:26 105 1°82 0°56 0-80 


0°35 0:98 0°69 1°32 0°34 0:89 


} see see ee 22 


0-48 1°25 108 1°85 0-60 0-82 


15 
17 


0°40 1:03 0-68 0-28 0-78 


1°20 0°70 0-88 


0°95 2°40 213 3°58 0°77 38 


the half dose. For this and for other reasons stated below, it was 
considered that a higher dose of 360 r. would be more satisfactory. 
The most serious limitation of the experiment is that the develop- 
mental changes of the pollen grains during the varying periods of 
irradiation, which as we have seen may be an important factor 
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influencing the breakage yield, was not taken into account. Only 
one time period after irradiation, namely 48 hours, was used ; 
consequently any change in yield due to fractionation might be due, 
at least in part, to the irradiation having been given at a time when 
sensitivity was falling, and hence the second dose in the fractionated 
samples might have been given at a time of lower radio-sensitivity. 
Slight differences in the rate of development due to external conditions 
and to the different doses of radiation might also in these circumstances 
lead to differences in yields of breaks. The seriousness of this limitation 
is shown by the data of Darlington and La Cour (1945) which indicate 
that at two days after a dose of 180 r. at 24° C. the frequency of B” 
might be expected to alter with changes of a few hours in the timing 
of the dose and that the time scale of development of the pollen grains 
may be materially affected by altering the dose. 

Second series.—Table 3 summarises the results of experiments carried 
out in 1948. More confidence can be placed in these results for the 
following reasons. The temperature was strictly controlled and the 
illumination of the shoots during the period of development between 
irradiation and fixation kept the anthers and pollen grains in good 
condition for several days, enabling a more reliable analysis to be 
made and allowing fixation to be carried out at several intervals after 
irradiation. The choice of the higher dose of 360 r. enabled the 
experiments of Darlington and La Cour (1945) to be used as a basis 
for choice of the time periods between irradiation and fixation. Their 
data show that under the experimental conditions prevailing, little 
variation in frequency of B” occurs between anthers fixed at two, 
three and four days after a dose of 360 r. (table 108 and graph 7a), 
whereas with doses of 180 r. the stable period begins at three days 
after irradiation, the temperature in all cases being 24° C. (appendix II, 
table 1 and graph 1). In the 1948 experiments therefore, fixation 
was carried out two days, three days and four days after a dose of 
360 r. given continuously and separated into two equal fractions by 
a four-hour interval. A few shoots, which remained after taking the 
four-day samples, were examined for buds showing the appropriate 
stage of development, at six days after irradiation. A bud suitable 
for analysis was found only in the material which had been given 
the continuous dose. 

The results show that breakage yield varies comparatively little 
between samples fixed after two, three and four days at 24° C. (table 3 
and graph 1), thus confirming the results of Darlington and La Cour. 
They show, moreover, a considerable reduction in breakage frequency 
for all three periods when the dose is given in two equal fractions 
separated by four hours. This indicates, firstly, that the reduction 
of breakage frequency is not due directly to the difference in time 
period before fixation, at which the second fraction was given and, 
secondly, that it is not due to alterations in the time scale of develop- 
ment of the pollen grains. The actual reduction in total corrected 
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breakage frequency is approximately 30 per cent. at two days, 
27 per cent. at three days and 38 per cent. at four days. As in the 
1947 results, there is no significant difference between the empirical 
coefficient of reunion (ECR") after continuous and fractionated doses 
at any of the time periods, nor did the time period itself significantly 


B.p. Cell | 
3 T _ 3for. 
B'+2R'C,+m 
2 | 
t t + 
2 3 4 5 6 


DAYS AFTER X-RAYING 


GrapuH 1.—Breakage frequency estimated in different ways in relation to the time after 
X-ray dose of 360 r. continuous and separated into two equal fractions by four hours. 
(from Table 3). 


affect the coefficient. It appears to be much higher than in 1947 
but this is at least in part due to the difference in criteria used for 
scoring small fragments. Breakage as measured by the frequency of 
acentrics is somewhat lower than the comparable figures of Darlington 
and La Cour (1945) and it varies less between the three time periods. 


TABLE 4 
(B’(Co) +m) per cell 
Time 
D. and LaC. 1945 1948 data 
2 days . 1°94 1°05 
3 days . 1-08 
4 days . 1°47 1-21 


The breakage frequency (B”C,-+-mB") at 6 days was considerably 
higher than at earlier periods, being as high as 2-13. As this figure 
is based on a single sample of 40 cells, it should perhaps be treated 
with caution. 
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TABLE 5 
Analysis of breakage and reunion in Tradescantia bracteata 72 hours after the beginning of 
also after single dose of 1801. Temperature between X-ray | ony 
Number of cells 
batch and | Petween B’(C,”) | mB” B’ 
slide (hours) Total | Damaged C,+C,} Cyr 
UB, 360 r./o 80 66 57 56 36 14 2 
WB3* <. 2 80 57 55 61 2 17 I 
» 5° » 0 80 57 54 47 | 3 13 
Total 160 114 109 108 65 30 
WEe2 360 r./1 80 56 46 38 ™ II 7 
» 5 » iT 80 57 38 45 | 2 9 5 
Total 160 113 84 83 55 20 12 
UE3* 360 r./1 80 52 40 41 27 8 
» 5* » 80 54 46 34 | 25 15 3 
Total 160 106 86 "5 52 23 13 
UDr 360 r./2 80 45 28 33 19 6 4 
» 3 » 2 80 47 35 | 39] 2 
Total 160 92 63 q2 40 16 8 
UAt 360 r./4 80 42 23 2 12 8 4 
” » 4 80 45 go 3 23 4 4 
Total 160 87 53 65 35 re 
WG 3 360 r./6 80 53 35 37 23 7 + 
” » 6 80 43 29 35 | 20 7 4 
Total 160 96 64 72 43 14 
UF6 360 r./8 80 56 44 43 31 7 2 
» 7 » 8 80 57 53 42 | 39 9 : 
Total 160 113 97 85 70 16 3 
UCe2 180 r./o 160 26 34 36 23 9 I 
» 3S » +O 160 25 39 25 25 7 2 
Total 320 51 73 61 48 16 3 
* Replicates : st 
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of treatment, with either a 360 1. continuous dose or separated into two equal fractions, 
and fixation 24°C. June 1949. For Code letters see table I 


Breakage per cell 
B’(C9") | B*(Cy”+2R"C,) | B’(Cy”)-+m| mB (Cy”+2R°C, +m) 
1:96 1°42 0°70 2°66 0°63 088 
0°68 1:87 1°36 0-68 2°55 0-60 0°87 
0-52 1°47 1°04 o-52 2°00 0°47 0°89 
0°54 1°47 ror 0°47 1°94 0°47 0°88 
0°39 109 0-84 0°45 1°54 0°35 0°89 
0°33 0-92 0-74 0-41 1°33 0°29 0°89 
0°40 0°85 0-45 0°36 0°89 
o-61 1°69 0-53 2°22 0°54 0°89 
0°23 0-63 0-42 0-19 0-82 0-20 0:88 
see table 1. 
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(B’+2R’C, +m) per cell 


(C4) per cell 
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Third series.—The design of the 1949 experiments was different 
from the previous experiments in that the time interval between the 
fractions was varied. The same dose of 360 r. was used as in the 
previous year, full continuous doses and a single half dose being given 
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0-7 
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GRAPHS 2-5.—Frequency of breakage and reunion 72 hours after X-ray dose of 36or. in 
relation to the time interval between two equal fractions. Abscissa axis : time interval 
in hours. Frequency from single half dose shown for comparison. ‘“ Half dose x2” in 
Graph 5 corresponds to the “ base line” of Sax’s curves. (from Table 5.) 


for comparison with the fractionated doses. The fractions were 
separated by intervals of 1, 2, 4, 6 and 8 hours. In this way it was 
hoped that more information could be obtained on the cause of the 
reduction following fractionation. 

On the basis of the 1948 experiments, 72 hours was considered 
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to be the most suitable fixation time counted from the beginning of 
irradiation. This period is short enough to ensure that anthers and 
pollen grains remain in the best condition for analysis, and it is fairly 
safe to assume that no significant changes in yield would result 
from the shorter time period for the second fraction, even if the time 
between fractions is extended. The half dose would come within 
the stable resting stage period, even with a more extended development 
cycle following the lower dose. The shoots were illuminated during 
the period between irradiation and fixation as in the experiments of 
the previous year, and the anthers remained in good condition 
throughout the experiment. 

The results are summarised in table 5 and in graphs 2-5. The 
breakage frequency from the full continuous dose is consistent between 
samples and is greater than in the experiments of the previous year, 
for the same dose, time interval and temperature. This is probably 
partly due to the difference in illumination and emphasises the 
necessity for strict control of the growth conditions during the interval 
between irradiation and fixation. The variation from year to year 
may, however, be partly due to differences in the condition of the 
plants from which the material was taken. In the present experiments 
a repeat control was given the same dose even when an interval of 
only two days elapsed between irradiation of shoots with different 
doses. It was considered that only in this way could the validity of 
comparisons be ensured with any certainty. 

The breakage frequency from the four-hour fractionated dose is 
almost equal to that in the previous year, the reduction following 
fractionation being approximately 50 per cent. This reduction is 
the maximum recorded. From the single half dose the breakage 
frequency is a little less than one-third of that from the full continuous 
dose, a result comparable with that obtained in 1947. The frequency 
both of reunion of centrics and of breakage drops considerably lower 
than twice that from the single half dose (see graphs). The frequency 
of breakage in whichever way it is measured, (see graphs) drops 
progressively as the time interval between fraction is extended up to 
4 hours, the drop being most rapid over the first 2 hours. A recovery 
in the frequency is apparent at 6 hours, becoming more rapid from 
6 to 8 hours, the longest time interval given between fractions. At 
8 hours’ separation the reduction in total breakage frequency is only 
15 per cent. And the curve points to a further recovery—which I 
shall test with further experiments. 

With the additional information given by this series of experiments, 
we are now in a position to approach the problem of interpretation 
and to re-examine the bearing of fractionation experiments on theories 
of X-ray breakage and reunion. 
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4. DISCUSSION 


On the basis of the early quantitative experiments of Sax on X-ray 
breakage in Tvradescantia pollen, the conclusion was reached that the 
relation between irradiation and chromosome breakage is funda- 
mentally similar to that between irradiation and mutation (Sax, 
1938), a conclusion which had already been arrived at by many 
other workers using different experimental materials. The main 
basis for this conclusion was the study of dose curves ; certain aberra- 
tions, assumed to be “ 2-hit aberrations ’? were observed to increase 
geometrically with dose, single breaks or “ 1-hit aberrations ” being 
more or less proportional to dose. Subsequently many other experi- 
ments have been carried out to investigate the relation between dose 
and chromosome breakage using X-rays, neutrons and other ionising 
radiations. These investigations have been widely interpreted as 
supporting Sax’s main conclusions. 

Fallacies of method and inference, some of which have already 
been referred to, render much of the data of doubtful value. Never- 
theless, certain broad conclusions concerning the action of radiation 
on the chromosomes appear to be widely accepted, namely, that 
breakage is immediate or occurs within a short time of the passage of 
an ionising particle through, or in the vicinity of, a chromosome and 
that the broken ends may subsequently restitute, enter into new 
reunions or remain as broken ends. Thus breakage is considered as, 
in a sense, a direct effect on the chromosomes rather than a cumulative 
effect on the cell as a whole. However, it is now usually recognised 
that chemical processes must intervene between ionisation and break, 
but little is as yet known regarding their extent and nature. The 
study of chemical breakage suggests that radiation breakage may not 
be as “ direct ” as has usually been supposed (Darlington and Koller, 
1947). 

The early work on the relation of dose to breakage frequency in 
Tradescantia was followed by investigation of the effect of separation 
of breaks in time (assuming that breakage is immediate) by alteration 
of the intensity of irradiation and by fractionation (Sax, 1939, 1940, 
1941). It is in the conclusions drawn from these and subsequent 
investigations of the time factor in relation to breakage frequency that 
we find fundamental contradictions in interpretation which are 
difficult to resolve. Sax’s data on intensity variation indicated that 
spreading of the dose over periods up to a few hours progressively 
reduced the yields of so-called ‘‘ 2-hit aberrations” (dicentrics and 
centric rings). His interpretation of this effect was that if the radiation 
is given slowly a break may heal (restitute) before a second break 
occurs with which it might have entered into reunion. As the drop 
in yield of breaks was apparent even when the dose was spread over 
short periods of under an hour, it followed that restitution or reunion 
occurs mainly within a comparatively short time after breakage. 
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Acting on the assumption that there is a critical time period during 
which reunion or restitution occurs, Sax (1939) set out to determine 
by fractionation experiments the “‘ maximum time a break can remain 
‘open’ in an unstable condition” ; and this maximum period was 
estimated to be of the order of one hour. 

The use of the ambiguous term “ unstable condition ” and of the 
term “ healing ” together with “ restitution ’ (apparently as synonyms) 
has led to considerable confusion (Darlington and Upcott, 1941 ; 
Lea, 1946). This confusion has arisen particularly over the question 
as to how far healing on the one hand or restitution on the other 
hand have been held to account for the effect of intensity and fraction- 
ation on chromosome breakage. Marinelli e¢ al. (1942) for example, 
supported Sax’s hypothesis and used both the terms “ restitution ” 
and “healing” in their interpretation of their data in the light of 
the theory of recovery of Swann and Del Rosario, but it is not clear 
whether healing is used as a synonym for restitution or implies healing 
as such. Although it appears that Sax did not use the term “ healing ” 
in the usual sense (i.e. healing against rejoining of ends), he refers 
to “a proportion of breaks producing broken ends which appear 
to have lost their capacity for fusion” (Sax, 1940). Moreover, 
although he admitted that the assumption that all fusions are com- 
pleted within a short period of time (about an hour) after irradiation 
did “not necessarily mean that a broken end can remain in an 
unstable condition for only an hour” (Sax, 1940, p. 62-3), the final 
assertion (Sax, 1941, p. 101) that breaks can remain open for only 
26-60 minutes clearly supposes, not only rapid reunion or restitution, 
but a healing process in those ends which do not restitute or reunite 
within that period. The supposed lack of sister reunion in terminal 
chromosome acentric fragments was held to support this conclusion 
(Sax, 1940). 

Lea and Catcheside (1942) accepted the theory of a limited period 
during which the majority of primary breaks restitute or enter into 
reunion, and the conclusion that a lack of sister reunion in chromosome 
breaks surviving until chromosome division (with irradiation five days 
before fixation), indicates healing at some time between breakage 
and chromosome division. From a mathematical treatment of certain 
of Sax’s data they concluded that, although a few breaks “‘ remain 
open ” for a much longer period and may subsequently form reunions, 
the average time elapsing between breakage and reunion for most of 
the breaks is as low as 3 or 4 minutes. Catcheside, Lea and Thoday 
(1946) made similar calculations from their own data, arriving at a 
similar result, but again were “‘ forced to the conclusion ”’ that this short 
period does not fit all the facts when doses are spread over a period 
of more than 30 minutes, and that reunion may occur after a much 
longer period measured in hours, not minutes. 

Darlington and Upcott had, on the other hand, as early as 1941, 
expressed the view that there is no evidence for healing against non- 
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sister reunion, and they pointed to the existing evidence that broken 
ends retain permanently the ability to rejoin. Sister reunion, being 
interpreted as a reproductive error appearing as a reunion of chromatids 
when the chromosomes have divided, was considered to be in quite 
a different category as regards the conditions of reunion. They further 
pointed out that the assumption of a healing process against reunion 
is in any case unnecessary in order to explain the intensity effect, 
because the facts could be explained by the competition between 
restitution and reunion. These arguments were further substantiated 
by study of the relation between radiation breakage and reunion 
and the nucleic acid cycle (Darlington and La Cour, 1945), and study 
of chemical breakage (Darlington and Koller, 1947). 

Koller (1946), in his study of the effect on breakage of reducing the 
dosage rate in Tradescantia, accepted the above explanation (i.e. the 
competition of restitution with reunion) for the reduction observed 
in breakage at 48 hours and 72 hours, when the dose is spread over 
6 hours and more. This interpretation was supported by the observa- 
tion of a smaller proportion of breaks involved in reunion (i.e. a 
lower ECR”) as the dosage rate is decreased. He concluded, however, 
that other factors play a part in the reduction, for example, the length 
of the cell cycle relative to the duration of exposure to the radiation, 
and changes in the time scale of development which might account 
for reduction in the frequency of simple breaks at low intensities. 
For reasons stated above he rejected data obtained from fixation 
at short intervals after irradiation. The data gave no support, 
however, to Catcheside and Lea’s conception of very rapid reunion 
or restitution. 

Newcombe (1942) rejected the interpretation of the intensity 
effect as due to competition of restitution with reunion, on the grounds 
that the frequency of simple breaks showed in his data just as much 
intensity effect as that of reunions, and he suggested inhibition of 
reunion by the radiation as the explanation. However, it is probable 
that many of the acentrics which were observed at 3, 5 and 6 days 
after X-raying and were interpreted as “ fractures” were in fact 
intercalary deletions involving reunion—especially as their frequency 
showed an exponential relation to dose. 

Different methods of experiment and interpretation of radiation 
breakage in Tradescantia pollen have thus given rise to two distinct 
and conflicting conceptions of the sequence of events following 
breakage and giving rise to the observed aberrations at metaphase 
and anaphase :— 

(1) that reunion and restitution are rapid, being almost completed 
within an hour and mostly occurring within a few minutes, and that 
healing against restitution and reunion occurs at some time between 
breakage and division of the chromosomes, 

(2) That reunion and restitution are delayed and cumulative, 
that healing against non-sister reunion does not normally take place 
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and that sister reunion is delayed and simultaneous with the division 
of the chromosome into chromatids. 

These two conceptions have far-reaching implications for the 
interpretation of the observed aberrations. Thus the conception of 
isochromatid breaks (breaks in no way distinguishable from chromo- 
some breaks except that they occur together with chromatid breaks 
in the same cell) has arisen from the deduction that reunion and 
restitution follow rapidly after breakage, thus precluding the possibility 
of chromatid reunion or restitution following chromosome breakage, 
to give rise to apparent chromatid breaks. If, on the other hand, 
reunion is delayed, the isochromatid break can be interpreted as a 
chromosome break, from which it is in any case cytologically in- 
distinguishable, and the accompanying chromatid break can be 
interpreted as a chromosome break which has undergone delayed 
chromatid restitution or reunion, 

The evidence for the first conception is drawn from the results 
of three types of experiment :— 

(1) observation of a decrease in frequency of reunions (“‘ 2-hit 
aberrations ’’) when the same X-ray dose is given at lower intensity ; 

(2) observation of a smaller increase in frequency of reunions 
when the dose is raised at constant intensity, than when it is increased 
keeping the time constant ; 

(3) observation of a reduction in frequency of reunion when the 
same dose is divided into fractions separated by time intervals. 

The conception of a time limit for reunion and restitution originated 
from the third type of experiment. As it is with this type of experiment 
that we are particularly concerned, the data and interpretations 
from earlier experiments of this type with Tradescantia pollen grains 
must be critically examined in relation to the results of the present 
experiments. 

Fabergé (1940), as we have seen, used high doses which necessitated 
a very crude scoring system, namely counting of the total number 
of chromosome bodies per cell. A reduction in the frequency of 
gross breakage (i.e. breakage minus reunion) was detected when 
doses were divided into 6 fractions separated by about 16 minutes, 
the total spread of the dose being 3 hours, but no definite conclusions 
as to the cause of the reduction could be drawn from the data. 

In the experiments of Sax (1939, 1940, 1941) designed with a 
view to estimating the maximum time a broken end can remain 
“capable of fusion with other broken chromosomes,” relatively 
low doses were used and the doses, numbers of fractions and periods 
between fractions were varied, breakage being examined at 24 hours 
and 5 days after irradiation. The design and interpretation of these 
experiments was based on the assumption that any reduction in 
breakage frequency observed was due to a reduction in reunion and 
that consequently only the frequency of so-called “ 2-hit breaks ” would 
be affected. This assumption was based on the general interpretation 
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of the results of intensity experiments and the results of two experiments 
with 24-hour fixation which indicated that fractionation did not 
affect the frequency of simple chromatid breaks. In the experiments 
on chromosome breakage at 5 days, only reunions (centric rings 
and dicentrics) were scored and a progressive drop in their frequency 
was recorded as the time interval between fractions was increased. 
The time interval (about an hour) at which the frequency dropped 
to the same as that from a single fraction, multiplied by the number 
of fractions (the ‘‘ base line” of the curves) was considered to be 
the maximum time a break can remain open. It was argued that 
with this and longer periods between the fractions, restitution is 
completed during the intervals, reunion occurring only between 
breaks resulting from the same fraction of the dose. If, on the other 
hand, no restitution occurs in the intervals between fractions, the 
values obtained would be equal to that from the full continuous dose. 

The results of the present experiments confirm the reduction in 
the number of reunions per cell when the interval between fractions 
is increased up to 4 hours. They show, however, that the frequency 
rises again if the interval is increased beyond 4 hours up to 8 hours 
and that at 4 hours the frequency of reunions drops considerably 
below that from twice the half dose. This reduction and recovery 
affects not only reunion but also the estimates of breakage (graphs 2-5). 
The accepted explanation of the reduction cannot account either 
for the magnitude of the reduction or for the later increase or recovery. 

The recovery is not apparent in Sax’s experiments. The reason 
is evident. The maximum time interval left between consecutive 
fractions was 4 hours; and in all but one of the experiments the 
dose was separated into more than two fractions. In two experiments 
the dose was separated into 4 fractions by intervals of 4 hours, the 
total spread of the dose being 12 hours, and in one experiment the 
dose was spread into 4 fractions over a period of 6 hours, but no 
significant recovery was observed, though in two of these cases the 
frequency showed some recovery as the interval was increased. Sax 
noticed that in some of the experiments the frequency of centric 
rings and dicentrics from the fractionated dose dropped to below the 
multiplied value from the single fraction (though not to the extent 
shown in the present experiments). The possibility of “‘ a physiological 
disturbance caused by the radiation” was tentatively considered as 
an explanation (Sax, 1939). 

The almost complete recovery shown in breakage and reunion 
frequency in the present experiments, when two fractions of the dose 
are separated beyond 4 hours, at once suggests that the reduction 
itself is due to some temporary effect of the first fraction reaching a 
maximum at about 4 hours and then wearing off. Such an explanation 
would obviously be in direct contradiction to the general assumption, 
made in quantitative comparisons of chromosome breakage with 
varying dose, intensity and mode of fractionation, that the sensitivity 
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to irradiation remains constant. As we have seen, this assumption is 
frequently unjustified owing to the lack of attention paid to possible 
variations in the timing of irradiation in relation to the development 
of the material. But we can now see that, even if these factors are 
fully taken into consideration, the possibility remains that the irradia- 
tion itself may affect not only the rate of development but the 
subsequent sensitivity of the chromosomes to breakage. 

Sax recognised this possibility, and carried out experiments (Sax, 
1942) designed specifically to test the effect of irradiation on subsequent 
breakage. The main object of the experiments was to test whether 
the action of X-rays in chromosome breakage was a “ direct hit 
mechanism ”’ or whether cumulative indirect physiological effects 
played a role in breakage, previous irradiation increasing subsequent 
sensitivity. Two doses were given ; the second one (24 hours before 
fixation) produced chromatid breaks which could be distinguished 
from the chromosome breaks produced by the earlier dose. The 
experiments indicated that the first dose did not increase the sensitivity 
to the second dose. On the contrary, a slight decrease in chromatid 
breakage was observed after previous irradiation. This appeared 
to be due to a reduced sensitivity of acentric fragments, an effect 
which has been attributed to a higher charge of nucleic acid on the 
acentrics (Darlington and La Cour, 1945). 

These results are widely held to give support to the theory of 
direct action of X-rays in breakage rather than a cumulative effect 
on the cell as a whole. But they do not demonstrate the absence of 
any physiological effect on breakage. Disregarding any effect on 
the result due to possible change in the rate of development caused 
by the first dose, they merely show that such an effect does not last 
24 hours or 3 days, for these were the periods of separation of the 
two doses. 

The question naturally arises : how might irradiation be expected 
to affect subsequent sensitivity to breakage, in view of what is known 
of the effects of X-rays on the cell metabolism and the factors affecting 
sensitivity to radiation breakage? There is ample evidence, some 
of which we have mentioned, that radiation may produce temporary 
effects on the cell metabolism, but these effects have usually been 
ignored in quantitative experiments on breakage or have been 
considered as minor factors which tend to upset the results and cause 
deviations from statistical expectation, for it is generally assumed 
that they are independent of the “direct” effect of breakage. 
Darlington and La Cour (1945), on the other hand, drew attention 
to the difficulty of separating nuclear from cytoplasmic effect of 
X-rays, and to the general assumption that they are naturally 
independent of each other. They furthermore pointed out that these 
effects which they succeeded in separating to a certain extent in 
experiment, were in fact connected in nature by way of the nucleic 
acid cycle. There is now considerable evidence that radiation causes 
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disturbances in the nucleic acid metabolism (Darlington and La Cour, 
loc. cit. ; Koller, 1947 ; Darlington, 1947). These effects are usually 
temporary after small doses, their duration and degree depending 
upon the dose ; for example, stickiness of chromosomes (interpreted 
as being due to an excess of non-polymerised nucleic acid on the 
chromosomes, Darlington, 1942) appears at 2 hours, reaches a 
maximum at 5 hours and disappears at 12 hours after a dose of 360 r. 
at 20° C. ; after go r. it reaches a maximum at 7 hours (Koller, 1947). 
The timing of this effect is thus very similar to that of the reduction 
and recovery in breakage and reunion frequency observed in the 
present experiments. 

From comparative studies of chromosome breakage throughout 
the mitotic cycle and in euchromatin and heterochromatin, and 
from the observation that in nuclei with a resting phase of short 
duration (and lower nucleic acid charge) the chromosomes are more 
easily broken (Darlington and La Cour, 1945), it has been shown 
that breakability has an inverse relation to the nucleic acid charge 
on the chromosomes. A most likely explanation, therefore, of the 
temporary effect on breakage is that it is due to a temporary accumula- 
tion of nucleic acid on the resting phase chromosomes reaching a 
maximum, in the conditions of the experiments, at about 4 hours 
after the first dose. Such an accumulation would be expected also 
to increase temporarily the rejoinability of broken ends (Darlington 
and La Cour, Joc. cit.). This cannot be directly detected by a com- 
parison of the empirical coefficient of reunion (R”"/B”) after the 
continuous and fractionated dose, because the frequency of reunion 
is so high with long time intervals between irradiation and fixation 
that breaks survive almost entirely by virtue of reunion. 

We may now consider the question of how far the above inter- 
pretation of the fractionation effect can be reconciled with the results 
of previous fractionation experiments with Tradescantia pollen. The 
results of Sax’s experiments at five-day intervals after irradiation, 
in which only reunions were scored, clearly offer no obstacle to the 
present interpretation. The number of fractions used, coupled with 
the fact that the intervals between fractions were not sufficiently 
protracted, accounts for the failure to observe a significant recovery 
in yield of aberrations. On the other hand, much significance has 
been attached to certain experimental results which indicate that 
so-called ‘‘ 2-hit breaks” (i.e. breaks involved in reunion) show a 
significant reduction in frequency when the dose is fractionated, 
whilst simple breaks do not (Sax, 1939, 1941), and that with neutrons 
neither type of aberration shows any dependence upon fractionation 
of the dose (Giles, 1943). These observations have been considered 
as an important part of the evidence in support of the theory that the 
reduction in yield of aberrations with fractionation is due to the 
prevention of reunion by the rapid occurrence of restitution between 
fractions. ; 
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In assessing the significance of these experiments, the following 
points should be noted :— 

(i) The evidence for lack of dependence upon fractionation with 
both X-rays and neutrons is based on a very few observations taken 
at periods of approximately 24 hours after irradiation. For reasons 
which have been given in an earlier section, observation at such short 
time intervals after irradiation introduces a number of variable 
factors, which may significantly affect the breakage yields and render 
reliable interpretation of the results impossible. 

(ii) Even if these results are taken at their face value it must not 
be forgotten that any factor which causes a reduction in initial X-ray 
breakage will affect disproportionately the frequency of breaks surviv- 
ing by virtue of reunion. If we interpret the reduction in yield of 
surviving breaks following fractionation of X-ray dose as being due 
to a reduction in initial breakage in the later fractions, we should 
expect the yield of reunions to be disproportionately affected, as it is 
when the dose is reduced. With neutrons the disproportion would 
not be expected on the generally held assumption that, with neutrons, 
reunions usually occur between breaks caused by a single ionising 
particle (Thoday, 1942; Giles, 1943). Simple breaks observed at 
metaphase, on the other hand, constitute the remainder (perhaps a 
small one) which survive after restitution and reunion, and they may 
also depend for their survival on sister reunion. Consequently the 
relation of their frequency to that of initial breaks is in all probability 
not a simple one. (This was recognised by Lea (1946) and Catcheside 
(1948) as a weakness in the deductions on the mechanism of induction 
of breaks, made from curves relating dose and intensity to frequency 
of surviving breaks). 

(iii) Examination of the few experiments, which have been inter- 
preted as demonstrating the absence of a fractionation effect, reveals 
that the maximum intervals between fractions were relatively short. 
In the two experiments with X-rays (Sax, 1939, 1941) the maximum 
periods were in one case 27 minutes between each of three fractions 
and in the other 80 minutes  %etween four fractions. The latter 
experiment showed a reduction, with fractionation of the dose, of 
nearly 20 per cent. in the frequency of simple breaks as compared 
with a maximum reduction of nearly 50 per cent. in the case of 
reunions. In the single experiment recorded by Giles (1943) using 
fractionated doses of neutrons, the maximum period between fractions 
was 32 minutes. Thus the shortness of the period between fractions 
in these experiments must also be taken into consideration when 
estimating the significance which may be attributed to their results. 

I conclude that observations of chromatid breakage at one day 
after irradiation, giving results which have been held to indicate 
that only independently produced breaks involved in reunion are 
affected by fractionation and that consequently the effect is primarily 
one on reunion, do not in fact provide critical evidence on the matter. 
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A further point arises in relating the present results to previous 
experiments with fractionated doses. The absence of fractionation 
and intensity effect on structural change in Drosophila is generally 
contrasted with its existence in Tradescantia. The experiments on 
Drosophila (e.g. Muller, 1940; Dempster, 1941 ; Kaufmann, 1941) 
are difficult to relate to those on Tradescantia because (a) the doses 
used are far higher; (6) in fractionation the intervals between 
fractions are much longer (in days not hours). In experiments on 
intensity variation, Muller (doc. cit.) showed that there was no reduction 
in frequency of structural changes when the dosage rate was very low, 
a result which is in contrast to that of Koller (1946) using low dosage 
rate with Tradescantia. The absence of intensity effect in Drosophila 
is explained by assuming that no reunion takes place until fertilisation. 
The fractionation experiments owing to their design could not, 
however, reveal any temporary radiation-induced effect on sensitivity, 
consequently no fractionation effect such as appears in the Tradescantia 
experiments would be expected. 


5. CONCLUSIONS 


The reduction in breakage yield observed in the present experiments 
is mainly, if not entirely, due to a temporary physiological effect of 
the first part of the dose on breakage by the later irradiation. In view 
of what is known concerning the effects of radiation on the nucleic 
acid metabolism of the cell, this effect may well depend on a temporary 
accumulation of nucleic acid on the chromosomes. The results of 
previous experiments carried out to investigate the effect on chromo- 
some breakage, of dividing a dose of ionising radiation into separate 
fractions, present no serious obstacle to this view. 

This interpretation leads to certain general conclusions. In the 
first place, radiation-induced changes in the sensitivity to breakage 
must clearly be taken into consideration in the interpretation of all 
quantititative experiments, in which the doses last long enough for 
the temporary effect to come into action. Hence the interpretation 
of all experiments, in which the duration of the dose is varied, needs 
to be radically reviewed. Many earlier workers have ignored these 
complications. But they are obvious from the reaction of the temporary 
effect with the breakage frequency. The present fractionation 
experiments and the investigations of Darlington and La Cour (1945) 
and Koller (1946, 1947) into radiation-induced stickiness and sister 
reunion frequencies may be considered as first steps in the study of 
the temporary effect of radiation on the cell. 

It follows that not only the fractionation effect but the intensity 
effect on frequency of reunion can no longer be regarded as evidence 
that reunion and restitution occur rapidly after breakage. Indeed, 
we now see that little restitution can have taken place during 
the first eight hours after breakage ; thus positive support is given 
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to the already existing evidence that reunion and restitution are 
delayed. 

Two further conclusions follow as a consequence of the rejection 
of the theory of rapid reunion: 1. The competition between reunion 
and restitution need no longer be regarded as a process occurring 
rapidly after breakage. It may be envisaged as a much slower process, 
effective only in the elimination of reunion as shown by experiments 
with very low dosage-rates (Koller, 1946). 2. The crucial argument 
for the postulation of isochromatid breaks loses its validity. It has 
been argued that reunion cannot be delayed because its frequency 
is influenced by intensity and fractionation. In consequence, apparent 
chromatid breaks occurring in the same cell with chromosome breaks, 
could not generally result from delayed chromatid reunion or restitu- 
tion. Now we see that the overlapping of apparent chromosome 
and chromatid breaks which is so characteristic of the metaphase of 
X-rayed Tradescantia pollen grains is the result of delayed reunion | 
of broken ends. This result is inevitable if reunion can occur at any 
time between breakage and the end of the resting stage. 

Finally, the results of the present experiments point to the necessity 
of studying radiation breakage, not in isolation as a mechanical effect 
on the chromosomes, but in relation to the physiological processes 
and development of the cell and to radiation effects other than break- 
age. This necessity was demonstrated by the experiments of Darlington 
and La Cour, relating breakage to the nucleic acid cycle ; they showed 
that it affects not only the interpretation but the design of experiments. 

The results, moreover, indicate the importance of further study of 
radiation effects other than breakage and particularly those which 
manifest themselves as changes in sensitivity to radiation breakage 
and in rate of development. These effects, though more elusive and 
less amenable to quantitative study than breakage of chromosomes, 
should not be neglected either in their relation to the quantitative 
study of breakage or in the general study of the biological effects of 
ionizing radiations and their application in radiotherapy. 


6. SUMMARY 


1. Experiments with Tradescantia pollen show that the effect of 
separating an X-ray dose of 360 r. into two equal fractions is as 
follows :— 


(a2) Breakage frequency decreases as the period between fractions 
is increased up to four hours. 

(6) Beyond four hours’ separation the breakage frequency begins 
to recover and at eight hours’ separation it is little below 
that from the continuous dose. 

(c) The frequency of breakage and reunion is reduced at four 
hours’ separation to considerably below twice that from 
the half-dose. 
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2. These results show that the reduction is not in the main due to 
an irreversible change such as restitution occurring in the interval 
between fractions; reunion and restitution must therefore occur 
usually more than eight hours after breakage. 

3. The reduction and later recovery in breakage frequency from 
the second half-dose, with increasing intervals between fractions, is 
intelligible on the assumptions (i) that radiation has a depressing 
effect on sensitivity to breakage, and (ii) that this effect is temporary. 
Such an effect might result from an accumulation of nucleic acid on 
the resting-phase chromosomes which is lost after an interval of time. 
Within a certain range of intervals between fractions, the accumulation 
induced by the first half-dose would then reduce the sensitivity to 
breakage by the second half-dose. 

4. The results have an important bearing on the interpretation 


not only of fractionation experiments, but of all quantitative dose 


and dosage-rate experiments in which the doses last long enough 
for the effect on sensitivity to breakage to come into action. They 
also explain the wide overlap between apparent chromosome and 
chromatid breaks in time-scaled studies of resting-stage breakage. 

5. Previous experiments can no longer serve as a basis for the 
rejection of the evidence that restitution and reunion are delayed. 
With the rejection of the theory of rapid reunion, the crucial argument 
for the postulation of isochromatid breaks is invalidated. 
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Plate I.—Pollen grains of Tradescantia bracteata (clone 21’) in metaphase after X-raying. 
Dose 360 r., except fig. 5, dose 100 r. Time in hours after X-raying and time in hours 
between fractions, if any, are given in the legend applying to each figure, followed by 
the symbols for the structural changes and the scored breaks and reunions. X 1750. 


Fro. 1.—72 hrs., Cyr-+Co, (B’.R’). 2.—72 hrs., 1 hr., Cy+Co-+m, 
(B’.R’. mB’). 


Fic. 3.—48 hrs., C,+Co, (B’.R’). Fic. 4.—72 hrs., 1 hr., (2B”.2R’). 


Fic. 5.—48 hrs., C,+Co, (B’.C,;SR.CySR). Fic. 6.—72 hrs., 4 hrs., (B’.R*). 
Short and long chromosomes indicate 


reciprocal interchange (not scored). 


Fic. 7.—72 hrs., m, (mB’). Note wide Fic. 8,.—72 hrs., C,r+Cy, (B’.R”). Note 
separation of minute chromatids. small size of centric ring. 


ee 
i 
; 
ihe 
{ 
| 
| 
i 
- 
: 


v 

/ J ys 


Plate II.—Pollen grains of Tradescantia bracteata (clone 21’) after X-raying, dose 360 r. 
Figs. 1-4 in prophase, 5-10 in anaphase. Time in hours after X-raying and time in 
hours between fractions, if any, are given in the legend applying to each figure. 


X 1750. 


PROPHASES 
Fic. 1.—72 hrs., 1 hr. Large ring chromo- Fic. 2.—72 hrs. Small ring fragment. 


some enclosing fragment. 


Fic. 3.—72 hrs., 1 hr. Long dicentric with 
very small acentric. 


Fic. 4.—48 hrs. Two very small minutes, 
one with wide separation. 


ANAPHASES 


Fic. 5.—48 hrs. Dicentric chromatid ring 
and acentric. Probably results from 
centric ring chromosome (see text p. 8.) 


Fic. 7.—48 hrs. Flattened anaphase. Pair 
of short dicentrics with corresponding 
pair of acentrics. Single long dicentric 
with short acentric, probably results of 
SR in centric and acentric fragments 
following B” (see text p. 8). 


Fic. 9.—72 hrs., 2 hrs. Dwarf grain, 
dicentric resulting from sister reunion. 
Accompanying acentric with SR_ not 
visible in photo. 


Fic. 6.—72 hrs., 1 hr. Dicentric and 
acentric in early anaphase showing zig- 
zag arrangement. 


Fic. 8.—72 hrs., 4 hrs. Interlocking 
dicentrics with acentric fragment (¢. 


fig. 10). 


Fic. 10.—72 hrs. Interlocking dicentrics 
accompanied by acentric fragment in 
dwarf pollen grain. Note longitudinal 
orientation. 
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Plate III.—Various types of diploid and double pollen grains, together with normal grains, 
observed after irradiation. These abnormalities are probably due to unfavourable 
conditions such as drought or sudden temperature change during meiosis. X 1400. 


Fic. 2.—Double pollen grain 
generative nuclei joined by bridge. 


Fic. 1.—Right, double pollen grain arising 
by failure of cell separation at second 
meiotic division. Left, haploid grain. 
Below, unreduced pollen grain at meta- 

. phase. 


Fic. 4.—Unreduced pollen grain at meta- 
phase showing centric chromosome 
fragment overlying acentric (B”), and 
chromatid interchange (2B’ 2R’) in- 
volving two chromosomes. Below, un- 
reduced pollen grain and normal haploid 

Fic. 3.—Double pollen grain showing un- aaa 
reduced nucleus in metaphase. 
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1. INTRODUCTION 


Low temperature treatment, with certain plant and animal species, 
allows a linear differentiation of somatic metaphase and anaphase 
chromosomes other than that which is characteristic at normal 
temperatures. Under the conditions of cold, heterochromatic parts . 
become differentiated as segments of reduced diameter and, as shown 
with Feulgen, having a reduced nucleic acid charge (Darlington and 
La Cour, 1940, 1941 ; Geitler, 1940; Callan, 1942; Haga, 1944; 
Haga and Kurabayashi, 1947, 1948). The chromomere-like differ- 
entiation obtained with special fixation methods by Shmargon (1938) 
in Secale and by Kakhidze (1939) in Crepis capillaris, has been compared 
with the differentiation produced by this nucleic acid starvation 
(Wilson and Boothroyd, 1944). There is, however, no resemblance 
either in the cause or in the effect. 

The segments starved of nucleic acid at metaphase agree in 
number and position with the segments overcharged with nucleic 
acid in the resting stage. Both were therefore defined as hetero- 
chromatin in a strict sense by Darlington and La Cour (1941). It 
should be noted that Heitz (1928, 1932) originally described hetero- 
chromatin as any part of the chromosome which was overstained 
during the resting stage. Since Heitz and others did not always 
use Feulgen staining some bodies may have been described by them 
as heterochromatin which were not overcharged with nucleic acid 
and therefore not heterochromatin in our stricter sense. 

Contrary to our findings, Wilson and Boothroyd (1944) believe 
that revelation of the heterochromatic segments is dependent on a 
differential contraction of heterochromatin and euchromatin. Our 
microphotographs as well as camera lucida drawings, show clearly 
that this is not so. Such a view is also in conflict with that of Resende 
et al. (1944) who have shown in Trillium sessile that the segments 
begin to differentiate at 9°C. And moreover, that with super- 
contraction of the chromosomes which happens below —6° C., the 
differentiation of the segments is in no way modified. 

However, these workers assume the segments to be either of 
nucleolar origin (which they clearly are not), or of an organisation 
intermediate between heterochromatin and nucleolar organiser (which 
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is meaningless). The present observations will perhaps resolve these 
difficulties. 

The scope of the present paper is primarily in the presentation of 
further studies on the mapping of heterochromatic segments in various 
plant species. These new observations substantiate the views we 
have previously held, views which in some cases conflict with the 
interpretation implied elsewhere (Kaufmann, 1948; Vanderlyn, 
1949). Those of a pertinent nature will also be discussed here. 


2. MATERIALS AND METHODS 


A large part of the Fritillaria material came from the Institution’s 
collection. Root tips of a number of species were provided by Miss C. 
Beck of Great Amwell. For material of F. recurva and F. lanceolata 
I am indebted to Dr G. Mehlquist of Missouri Botanic Garden and 
bulbs of F. lusitanica to Prof. A. Fernandes of Coimbra University. The 
plant of Paris polyphylla like the earlier one, was from Edinburgh Botanic 
Garden. The Trillium species came from Messrs Perry of Enfield. 

All the root tips were fixed in 2 BD except those of Fritillaria 
where acetic alcohol (1 : 3) proved more satisfactory. It gives with 
Feulgen staining, better definition of small intercalated segments. 
To minimise the occurrence of bubble artefacts, fixative was limited 
to 15 minutes, hardening then being continued in 95 per cent. alcohol 
over-night. Following fixation, all the material was prepared as 
Feulgen squashes (Darlington and La Cour, 1947). 


3. THE SCOPE OF VARIATION 
(i) Trillium 


The somatic complements of different species show little difference 
under normal conditions. With low temperature, however, species 
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Fic. 1.—Trillium erythrocarpum, heterochromatin revealed by cold treatment. Note B 
and possibly D are hybrid pairs. Both E’s have a small trabant. x 1200. 


and indeed individuals differ significantly in the number, size and 
position of the heterochromatic segments. The same is true of 
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chromosome mates within heterozygous individuals of Trillium species. 
In T. erythrocarpum a species indigenous to Eastern and North America 
and newly studied, only two pairs the B and D types, show a slight 
degree of heterozygosity (fig. 1). 


A 8 


E 


Fic. 2.—Trillium Tschonoskii above, T. apetalon below, with heterochromatin revealed by 
cold treatment. Centric constrictions represented as a single line, spiralised hetero- 
chromatin stippled. Note unspiralised heterochromatin in 2E chromosomes of T- 
Tschonoskii also trabant on an E chromosome of T. apetalon. X 1200. 


Two tetraploid species, both of Asiatic origin, have been examined, 
namely 7. Tschonoskii and T. apetalon (T. Smallii). Both are allo- 
tetraploids as is evident from their somatic complements (cf. Haga, 
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1934). Their complements differ from those of diploid Trillium, 
resembling rather that of Paris polyphylla and having 4 instead of 3 
sub-terminal types. With cold treatment another difference from 
the diploid species becomes apparent. There are no terminal segments 
of heterochromatin. As a consequence, its total amount is visibly 
lower, especially in 7. Tschonoskii where no segments are visible in 
any of the 4 C types, in 3 of the 4 B types, or in 2 of the 4 D types. 

In this species also, 2 of the E chromosomes differ from the other 
two E’s in having the heterochromatin uncoiled after cold treatment 
(fig. 2). The condition has been similarly figured in this species, 
following treatment with chloral hydrate (Haga, 1934). It was 
first described in the hexaploid Paris japonica. 


(ii) Paris polyphylla 
The new plant differs from the original clone in two respects. 
There is no fragment chromosome. Also the pattern of hetero- 
chromatin is slightly different. One of its A chromosomes contains 
a small intercalated euchromatic region. Both B’s have gained an 
additional terminal heterochromatic segment. Whilst one of the C’s 
has lost a terminal segment (fig. 3). 


c D 4 


Fic. 3.—Paris polyphylla, heterochromatin revealed by cold treatment. All pairs show 
hybridity. A single E chromosome has a small trabant. X 1200. 


(iii) Vicia faba 


So far as can be judged the segments are confined to positions 
near the centromere. They are also short, in fact shorter than the 
constrictions of nucleolar origin. Presumably some are also beyond 
the limits of resolution. For although up to 9 small chromocentres 
are detectable in the resting nuclei, 7 segments only are discernible 
at metaphase. It may be noted that in the readily distinguishable 
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nucleolar chromosomes, the position of the starved heterochromatic 
segments is comparable to that of the chromocentres as figured by 
Heitz (1932). 

In addition to nucleolar and heterochromatic (cold-starved) 
constrictions, there is a third type which appears irregularly in one 
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Fic. 4.—Vicia faba, above after normal temperature, below with heterochromatin as 
revealed by cold. There is difficulty in interpreting differences within pairs because 
of similarity in the types B-F. x 1370. 


short pair of chromosomes, equally at high and low temperatures 
but without any association with a nucleolus. This is labelled the 
X segment (fig. 4). 


(iv) Fritillaria 


In our earlier account heterochromatin had been mapped only 
in F. pudica. From the evidence of chromocentres, 7 species out of 20 
had heterochromatin (La Cour, 1947). These included 4 out of 6 
New World species. Moreover, these had far more heterochromatin 
than the 3 Old World species. The survey has since been continued 
employing the cold technique, wherever possible, in order to map 
the position of the heterochromatin. The results are given in table 1. 
It will be seen that out of 34 species examined, 12 out of 27 Old World 
species have detectable heterochromatin and similarly 5 out of 7 
New World species. Again we still find the Old World species showing 
an appreciably lower content (fig. 5). 

The heterochromatin has now been mapped in 7 species, 2 Iberian 
and 5 Californian. As well as in content, the 2 classes differ also in 
regard to the position and behaviour of the heterochromatin and, 
perhaps also in the position of the nucleolar organisers. 

In the 2 Iberian species, F. /usitanica and F. pyrenaica, the hetero- 
chromatin is located mostly next to the centromeres. It leads to an 
apparent lengthening of the centric constrictions. This is true also 
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TABLE 1 
(Darlington 1935, Beetle 1944, La Cour unpublished *) 
Without heterochromatin With heterochromatin Origin 
x=9 an an 
ruthenica 2x a W. Asia 
nigra (tenella, caussolensis*) 2x+-0—3ff a Europe and Asia 
x= 12 
meleagris 2x tubiformis * 2x Europe 
involucrata 2x lusitanica* 2x 
pyrenaica* = 2x 
obliqua ax+2ff macrandra* 2x Mediterranean 
oranensis 2x ionica * 2x 2s 
graeca * 2x messanensis * 2x Ps 
acmope 2x Eggeri ax Middle East 
citrina 2x libanotica 2x 99 
Elwesii 2x karadaghensis 2x ‘“ 
imperialis 2x+-o—12ff | aurea * 2x 
caucasica*® 2x 
2x, 3x W. Asia 
meleagroides 2x cirrhosa * 2x C. Asia 
Sewerzowi * 2x 
pallidiflora 2x N. Asia 
Purdyi * ax California 
ax 
biflora * Qx i 
2x-+o—8f,, 3x, 4x 
falcata* 2x, 0x41 
x= 13 
pudica 2x, 3x ” 


N.B.—Botelho and Mendes (1944) were the first to describe heterochromatin in F. lusitanica. They 
claim counts of 26 chromosomes as in pudica. 


SPECIES OF FRITILLARIA 


OLD WORLD 


NEW WORLD 
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Fic. 5.—Graph illustrating approximate determination of heterochromatin content. 
Open rings denote absence of heterochromatin, closed rings with heterochromatin. 
Above, Old World, below, New World, species. 
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even after normal temperatures, alihough the accentuation at these 
points may not always be so clearly defined. As an explanation for 
this behaviour I have suggested elsewhere (La Cour, 1950) that the 
abnormal nucleic acid cycle in the heterochromatin is exaggerated 
by the closeness of the centromeres which, we must remember also 
have an allocyclic behaviour. 

Two of the Californian species, F. Purdyi and F. pluriflora have no 
heterochromatin. Two others, F. lanceolata and F. recurva have a 
pattern of heterochromatin comparable to that of F. pudica, It mostly 
lies near the centromere and amounts to about one-fifth of the whole. 
In a third, F. biflora, the position of the heterochromatin is similar, 
but in amount a little less. The last, F. falcata, on the other hand, 
would appear to be unique amongst all plants. Its euchromatin and 
heterochromatin are almost equal. Some of its chromosomes have 
short arms apparently devoid of all euchromatin. And, so far as 
can be judged, in some the centromeres are situated in a hetero- 
chromatic block (fig. 6). Owing to lack of root tip material, I have 
not as yet determined whether such regions have a similar behaviour 
to the centric heterochromatin in the Iberian species. 

The only plant of this species I have examined contains 2 fragment 
chromosomes of unequal size. The plant is a fragmentation hetero- 
zygote with the chromosome number 2n = 25. Presumably in its 
ancestry the fragments were derived from anaphase breakage of a 
dicentric chromosome formed at meiosis in a trisomic plant. Since 
triploid forms are not uncommon in the genus, possibly this may 
have arisen as a chance seedling from a triploid. 


(v) Scilla sibirica 


It has been found impossible to induce the metaphase cold-starved 
effect in this species. Heterochromatin is readily distinguishable in 
the resting nuclei. Between 10 to 12 chromocentres are then seen. 


Fic. 7.—Scilla sibirica, selected chromosomes from a prophasic metaphase induced by 
beryllium nitrate. Euchromatin incompletely, heterochromatin completely, 
coiled. x 1850. 


It is also distinguishable and indeed located, in a fully charged 
condition, in the embryo sac at prophase of the four-cell stage. I am 
uncertain about all 12 chromosomes. Eight have a single distal 
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segment. While two have besides a distal segment, another near 
the centromere. 

Treatment with Beryllium nitrate (0-02 mol.) has also been tried. 
It produces an irregular starvation of the heterochromatin in Fritillaria 
(Darlington and La Cour, 1947). Here, however, no such differentia- 
tion is obtained. On the other hand, the heterochromatin becomes 
distinguishable at metaphase in another way. A small proportion of 
the mitoses enter metaphase in a prophase condition. In contrast 
to the heterochromatin the euchromatin is incompletely coiled (fig. 7). 
A somewhat similar prophasic condition has been produced elsewhere 
by X-rays (Darlington and La Cour, 1945). 


4. NUCLEOLAR ORGANISATION 


In Fritillaria three types of nucleolar organisation may now be 
defined (i) most species have two chromosomes in each haploid set 
with a regular exclusive intercalary nucleolar organiser. (ii) In a few 
Old World species including the Iberian species, nucleoli arise 
irregularly on the ends of chromosomes as in Trillium, to give at 
metaphase chromosomes with small trabants. (iii) In F. lanceolata 
a regular intercalary and apparently irregular terminal kind of 
organisation occur together with an abundance of heterochromatin. 


5. NUCLEOLAR CONSTRICTIONS AND HETEROCHROMATIN 


It has been implied that the cold starved segments in Trillium 
are of nucleolar origin. There is no factual evidence in support of 
such a view. We have already shown that in Trillium the nucleoli 
arise on the chromosome ends to give at metaphase, in variable 
numbers, chromosomes with small trabants. The absence at normal 
temperatures of any regular secondary constrictions, we have considered 
to denote an absence of regular organisers. Moreover, the ends 
where the nucleoli arise do not show cold starvation or any other 
evidence of heterochromatin. 

Then if we consider the evidence presented here. First, as we 
saw in Fritillaria some species have an irregular kind of nucleolar 
organisation comparable to that in Trillium. Then at low temperatures, 
in 5 American species of Fritillaria as well as in Vicia, nucleolar and 
heterochromatic constrictions coexist. The nucleolar kind are visible 
also at normal temperatures, the heterochromatic as a general rule | 
are not. Moreover, in appearance the two kinds are unmistakably 
distinguishable from each other. With Feulgen, the nucleolar type 
presents a distinct gap in the chromosome arm, with the bridging 
thread unstained. The heterochromatic segments on the other hand, 
in favourable cells, show the coiling of the basic chromosome thread. 

There are, however, examples of secondary constrictions difficult 
to define (¢f. Kaufmann, 1948). No doubt as we have suggested 
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(1940) some of these are heterochromatin. There is a similar difficulty 
as we saw in the interpretation of 2 small segments in a pair of chromo- 
somes in Vicia. That they are equally visible at high, as at low 
temperatures, does not necessarily overrule them being hetero- 
chromatin. On the other hand, examination in more favourable 
tissues might show an alliance with a weak nucleolar organiser. 

Kiingstedt (1941) has inferred that the nucleolar organiser is 
perhaps a special kind of heterochromatin. This has led Therman- 
Suomalainen (1949) to consider that certain unclassified constrictions 
could with equal justification be assigned to both groups. However, 
as pointed out by Darlington (1947) there is no necessary connection 
between nucleolar organisers and heterochromatin and there are 
very simple means of distinguishing them. 


6. THE COMPETITION FOR NUCLEIC ACID SUPPLY 


Low temperature allows us to locate the position of heterochromatic 
segments ; seemingly because the genes in such regions suffer in 
competition from an inadequate supply (Darlington and La Cour, 
1940, 1941). There is little need of elaboration of the wealth of 
evidence in support of this view. It comes both from the similarity 
in natural occurring phenomena, such as occurs in sex chromosomes 
and from a wide variety of observations elsewhere (Callan, 1942 ; 
Levan, 1942; Wickbom, 1945; La Cour, 1944; Koller, 1946; 
Darlington and La Cour, 1945). 

Not all heterochromatin, however, is influenced by treatment with 
cold. Such is the case with chromosomes known to be wholly hetero- 
chromatic, ¢.g. the supernumerary chromosomes in Narcissus juncifolius 
(Fernandes, 1939). Thus it may be surmised that the competition 
as such, is solely between chromosome parts and not between individual 
wholes. This is compatible with the fact that heterochromatin is 
typically located near the surface of the nuclear membrane. And 
may therefore perhaps be considered as liaison chromatin (Vanderlyn, 
1949). 

However, even with heterochromatic parts of a readily detectable 
size, such as we find in Scilla sibirica, cold treatment may be ineffective. 
It fails here presumably because of an adaptation to growth at low 
temperatures. This would lead to a juxtaposition of the thresholds 
for mitosis and of the restriction of nucleolide supply. 

Some idea of the adaptation of this species to cold conditions can 
be judged by experiment. Mitosis is normal at —6° C. after 10 days, 
which is the coldest it has been possible to try. Also it is in no way 
affected by treatment at —2° C. for 2 months, which is the longest 
period tried. 

7. HETEROCHROMATIN AND SPECIATION 


The development of species in the genus Fritillaria is somewhat 
obscure in its evolution. Unlike that of so many other genera, 
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hybridity and polyploidy appear to have played but minor roles. With 
the possible exception of F. phenanthera, presumed to be a natural hybrid 
between F. parviflora and F. recurva, species hybrids are apparently 
unknown to cultivation. As might be expected, allopolyploidy in 
the genus is unknown. Cytological evidence shows that some species 
have evolved through fusion and some by breakage of the chromo- 
somes, ¢.g. F. ruthenica n = g and F. pudica n = 13, as variations from 
the common basic haploid number n = 12 (Darlington, 1937). 

In view of the interesting differences in heterochromatin displayed 
by New and Old World species, the question naturally arises as to. 
what part heterochromatin has played in speciation and development 
of the evolutionary pattern. At the moment we are unable to wholly 
evaluate the possible importance of this relationship. For although 
it is generally assumed to be, we do not know if heterochromatin is. 
present in the chromosomes of all plant and animal species. Neither 
do we know whether heterochromatin can arise from euchromatin 
or vice versa. However, two characteristic features are perhaps worthy 
of reminder. 

In cold treated Trillium (Darlington and La Cour, 1940) it has. 
been shown that at anaphase, undercharged heterochromatin is liable: 
to errors in reproduction. Changes so induced may contribute to the 
development of the evolutionary pattern. Then must be considered 
the effects of polygenes providing smaller variation supplementary 
to that provided by major genes. Mather (1944) has shown them 
to be present, although not necessarily confined to, in heterochromatin.. 
Thus it may be that the unparalleled and perplexing diversity of many 
American species, ¢.g. F. lanceolata (Beetle, 1944) is in part associated 
with the release of polygenic variation. For this species with an 
abundance of heterochromatin has moreover, unlike so many Old 
World species, free pairing and crossing-over at meiosis and hence: 
the capacity for maximal recombination. 


8. THE ORIGIN OF HETEROCHROMATIN 


Heterochromatin is distinguishable from euchromatin by its: 
allocycly, but it may be that the degree of dispersion determines 
whether such allocycly is detectable. Pontecorvo (1944) has attributed 
the allocyclic behaviour to the differentiation of groups of chromo- 
meres with a similar nucleic acid cycle. He accordingly assumes 
that heterochromatic segments arise by repeated reduplication of 
minute euchromatic regions in juxtaposition. On such a view there - 
is indeed scope for dispersal and elimination of old heterochromatic 

segments, as well as for the formation of new segments of variable: 
size. The evidence in Fritillaria neither confutes nor confirms this 

view. Although here, with the means of vegetative reproduction 

and hence equipped for preservation of changes, we might perhaps. 
have expected greater variation in the pattern of heterochromatin. 
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From various lines of work and thought it has emerged that hetero- 
chromatin plays an important physico-chemical role in the cell 
(Caspersson, 1947; Darlington, 1942, amongst others). Although 
the wideness of this role is perhaps somewhat conjectural (¢f. Vanderlyn, 
1949). If such is indeed the case it would seem inconceivable that 
heterochromatin could ever be entirely absent from nuclei, at least 
of actively dividing cells. On such a view it would be assumed that 
the apparent absence of heterochromatin in some species of Fritillaria 
and, indeed in many species elsewhere, is indicative only of a finer 
degree of dispersion of the genes displaying heterochromatic behaviour. 
However, until this becomes an established fact one is tempted to 
present yet another point of view. 

Let us assume that the chromosomes of all plant and animal 
species carry groups of replicated genes of a low order of specificity 
such as would on Mather’s view be described as polygenes. These 
may have the same functions in the cell as those attributed to recognis- 
able heterochromatin without showing its visible properties, which 
‘we may surmise are under genotypic control. 


9. SUMMARY 


1. Of 34 species of Fritillaria studied, half have no detectable 
heterochromatin, All but 2 of 7 Californian species have hetero- 
chromatin and, moreover, considerably in excess of any Old World 
species examined. 

2. In F. falcata, a Californian species, the content of hetero- 
chromatin and euchromatin is almost equal. The individual examined 
was found to be a fragmentation heterozygote with the chromosome 
number 2n = 25. 

3. The Iberian species, F. pyrenaica and F, lusitanica have compound 
centric constrictions due to heterochromatin lying next to the centro- 
mere. It leads to a lengthening of the constriction which is equally 
clear at high and at low temperatures. 

4. Tetraploid species of Trillium and Paris have less heterochromatin 
than diploids. 

5. In tetraploid Trillium Tschonoskii, 2 of the 4 E chromosomes are 
heterozygous in respect of showing the heterochromatin in an un- 
spiralised condition. 

6. Adaptation to growth at low temperatures such as is found 
with Scilla sibirica inhibits cold-starvation of the heterochromatin at 
metaphase. 

7. Problems relative to interpretation, origin and role of hetero- 
chromatin in evolution are discussed. 


Acknowledgment.—Thanks are due to Dr C. D. Darlington, F.R.S., for advice 
and criticism. 
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GENETICS OF INCOMPATIBILITY IN ALSIKE CLOVER, 
TRIFOLIUM HYBRIDUM 


WATKIN WILLIAMS 
Welsh Plant Breeding Station, Aberystwyth 
Received 14.iv.50 
1. INTRODUCTION 

Two species of the genus Trifolium—Trifolium pratense and Trifolium 
repens—have been extensively studied for the purpose of understanding 
their fertility mechanism. Only a small amount of work has been 
done in connection with the breeding affinities of JT. hybridum. The 
information which is available is confined almost entirely to self- . 
fertility, and only one reference (Zhelnina, 1932) to artificial crossing 
has been found in the literature. This work mentions the application 
of artificial crossing methods, but no tables of results from crosses 
are given. The present study was made in order to investigate further 
the precise fertility mechanism in the species, and especially to ascertain 
whether the cross-compatibility was determined by oppositional 
factors. 

The basic material used in the present study was taken from 
samples of commercial seed of Canadian or American grown alsike, 
so that in all cases the original samples probably represent very large 
breeding populations. From some of the material it was found that 
the haploid set consists of 8 chromosomes, as found by other workers 
(Senn, 1938). A diploid type of inheritance can therefore be expected. 

Hybridisation was performed by hand, without previous emascula- 
tion of the florets, and the method was substantially the same as that 
described by Williams (19315). A minimum number of two heads 
was used in each cross. Almost all the doubtful crosses were repeated, 
and in the majority of instances the repeats invariably confirmed 
the results of the initial tests within the normal limits of variation. 


2. SELF-FERTILITY 


Meehan (1892) reported alsike clover as being self-fertile, but 
this guess need not be taken seriously. Other workers—Kirchner 
(1905), Fruwirth (1906), Witte (1908), Jorgensen (1921), Williams 
(19314), and Nilsson-Leissner (1934)—concluded from various tests 
that the species was highly self-sterile. 

A sample of 50 plants used in the present investigation, when 
tested for spontaneous self-fertility, yielded only 6 seeds from the 
10,096 florets examined—a seed-set of 0-06 per cent. of the florets 
pollinated. Even when each floret was artificially tripped, thereby 
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shattering the pollen grains on to the stigma, only 96 seeds were 
set out of a total of 15,322 florets—a percentage seed-set of 0-63. 
These results indicate that 7. Aybridium is highly self-sterile. When 
tripping is followed immediately by pollination with compatible 
pollen, it is probable that the number of seeds resulting from selfing 
is less than reported in the above tests, owing to the quicker growth 
in the style of the compatible pollen-tubes. 


3. INCOMPATIBILITY 


The oppositional factor hypothesis propounded by East and 
Mangelsdorf (1925) is well-known and has been found to have a wide 
application among flowering plants. As far as the writer is aware, 
approximately 17 species from phanerogamic orders have given 
compatibility results which have been interpreted by various authors 
- on the basis of the oppositional factor scheme. These include :— 


Nicotiana alata A, segovii P. axillaris 

N. sanderae Capsella grandiflora Ocnothera organensis 
Verbascum phoenicium Linaria vulgaris Trifolium pratense 
Veronica syriaca Prunus spp. T. repens 
Cardamine pratensis Brassica oleracea Melilotus officinalis 
Antirrhinum glutinosum Petunia violacea Beta vulgaris 


It is of particular interest to note that all the above species, with 
the exception of Beta vulgaris, are typically entomophilous, B. vulgaris 
being the only anemophilous species known to the writer in which 
an attempt has been made to interpret compatibility on the basis of 
a multiple allelomorphic series of genes acting oppositionally in the 
style and the stigma. The investigations on Beta vulgaris (Owen, 
1942) were conducted on a very limited range of material, and the 
postulations need further confirmation before they can be finally 
accepted. However, it will be interesting to see, as more species are 
investigated, whether the evolution of the multiple allelomorphic 
type of sterility is in any way associated with insect pollination. It 
is quite possible that insect pollination provides a better mechanism 
for the selective elimination of self pollen than does wind pollination. 
In many insect-pollinated species, both self- and cross-pollination is 
impossible without insect visitation, which will invariably ensure that 
both self and foreign pollen will be present on the stigmas. Opportunity 
is therefore afforded for selective fertilisation, and mutations which 
render self pollen ineffective will make the species more flexible and 
have direct survival value. In wind pollinated plants, on the other 
hand, it is possible for self pollen to reach the stigma some time before 
foreign pollen. In some instances, self pollen may be the only kind 
present, and under such conditions self-pollination can take place 
frequently in spite of a reduced pollen-tube growth. There is therefore 
not the same opportunity for the selective elimination of self pollen, 
and an oppositional type of sterility cannot be easily developed and 
differentiated. 
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Mutation has played an important role in the evolution of the 
oppositional factor type of sterility. The existence of several allelo- 
morphs at the S locus has been demonstrated in Nicotiana spp. (East 
and Yarnell, 1929), Veronica syriaca (Lehmann, 1926), Antirrhinum 
glutinosum (Gruber, 1932), Trifolium pratense (Williams, 1939, 19472), 
Oenothera organensis (Emerson, 1939, 1940), and Trifolium repens (Atwood, 
1944). In Trifolium pratense, Bateman (1947) calculated that the 
number of alleles operating in the material investigated was 212. 
This estimate of the number of allelomorphs at a single locus is the 
largest yet reported. 

The modification of the oppositional effect of the sterility factors 
has been demonstrated in several species. An interesting type of 
modification apparently caused by inter-allelic competition has recently 
been reported. Lewis (1947), investigating material of polyploid 
Ocenothera organensis, found that two different alleles in the pollen grain 
were unable to express the normal inhibiting effect. He suggested . 
that this condition was due to competition between the alleles for 
basic chemical products, whereby neither gene could acquire the 
necessary quantity for full expression. In tetraploids which show a 
high degree of self-compatibility, such as Petunia spp., Pyrus malus, 
Pyrus communis, and Trifolium repens, inter-allelic competition in the 
pollen is very strong, but only partial in O. organensis where the self- 
compatibility resulting from the tetraploid condition is very slight. 
A similar type of modification was encountered in the present tests. 

In addition to showing competition, S alleles in diploid pollen 
grains of Oenothera were shown to exhibit dominance. Thus pollen 
grains of the constitution Sa. +, when growing in styles possessing 
Sa but not Sb, effected fertilisation but were inhibited in styles 
carrying Sb but not Sa. These relationships between two § alleles 
show that the efficiency of the individual allelomorphs in effecting 
sterility is not only due to their nature but also to their interaction 
in the same genotype. 

As a result of investigations on pseudo-fertility in otherwise self- 
sterile species, certain workers have suggested that minor genes 
(polygenes) have the effect of modifying the expression of the S gene 
in such a way as to weaken or strengthen its action. Lewis (1943), 
discussing the weakening effect of chromosome doubling on sterility 
systems, suggests that the S alleles come under the direct effect of the 
minor genes, especially in artificial polyploids when the genic balance 
is upset. In the parent diploid types where the gene system is balanced 
and the incompatibility reaction is strong, the polygenes are presumed 
to have little or no effect. Mather (1943) in a discussion on results 
with Petunia species-crosses suggested that the S factors simply control 
the direct working of the compatibility reaction once it is established. 
They merely behave as “ switch ” alleles, while the inhibitory reaction 
itself, as well as its level of expression, are under delicately balanced 
polygenic control. Mather states, however, that the Petunia crosses 
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incompatibility systems. Furthermore, the experimental material— 
TABLE 1 
Distribution of genotypes in two F, families of Trifolium hybridum 
(The expected figures in each group are given in brackets) 


- have not finally established the role of polygenes in connection with 


Family Group I Group II Group III Group IV Total 
no. No. of plants | No. of plants | No. of plants | No. of plants | No. of plants 
51 3 4 3 2 12 
(3) (3) (3) (3) (12) 
Il, 4 5 2 I 12 
(3) (3) (3) (3) (12) 
x® (corrected for continuity) 
Family 5, x? = 0166 P = 0:98 
Family 11, x? = 1°66 P = 0°50-0'70 


TABLE 
Summary of average percentage fertility of all intra- and inter-group crosses of the F, 


3 51 
9 ‘| GroupI | Group II | Group III | Group IV 

‘ Plant nos. 1,9, 2, 5, 6,8 3:7, 10 4, 12 
Group I | 1,9, 17 ‘48 150 I 59 

6) * (12 (9) (6) 

Group II | 2, 5, 6,8 II 08 12 I 
(it) (12 (8) 

Group III | 3, 7, 10 178 171 6 170 

| & 6) 

Group IV | 4, 12 161 187 16 ts) 


(6) (7) (6 (2) 


Group I 2,37, 40 


Group II | 1, 5, 8,9, 10 


Group III | rz, 4 


Group IV | 6 


* No. of crosses from which 


P. axillaris and P. violacea—used in the investigations may have 
contained accumulated specific differences which might have com- 
plicated the results and rendered interpretation more difficult. 
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The results presented below give additional evidence on some 
of these questions, especially as they affect Trifolium hybridium. 


(a) Compatibility in two families of Trifolium hybridum 
resulting from crossing unrelated plants 


On the basis of the oppositional factor hypothesis, each diploid 
plant should possess two allelomorphs of the S gene. When two 
randomly selected plants, each possessing two different allelomorphs 
at the S loci, are intercrossed, the resultant F, consists of 4 groups 
of inter-fertile, intra-sterile genotypes. Two F, families, Nos. 5, and 
114, each consisting of 12 plants, were investigated by means of diallel 
crossing. In addition, groups of plants isolated from the diallel 
crosses were further tested by both inter- and intra-group pollinations. 
A summary of the results obtained is presented in tables 1-3. 

From table 1 it is seen that the 4 groups expected in these F, 


families 5, and 11,. The average percentage pseudo-compatibility of the groups is also given 


Ily 
A do- 
Group I Group II Group III Group IV self-comnpatibility 
of groups (per cent.) 
25 357,11 1, 5, 8, 9, 10 12, 4 6 
o-75 
(4) 
(3) 
I 
(2) 
26 167 144 21 
(i) (20) (8) (4) (4) 
160 157 
(20) (20 (10) (5) & 
8 204 I 
® (10) (2 (2) (2) 
148 160 139 aah ° 
(4) (5) (2) (1) 
fertility was calculated. 


families were observed, and that the ratios were in accordance with 
expectation. Designating the parental genotypes as Sa. 6 and Sx. y, 
the F, groups would consist of four genotypes: Sa. x, Sa.y, Sb. x, 
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and Sb.y. The seed set obtained in compatible and incompatible 
matings (table 3) shows that the differences between these two types 


TABLE 3 
Summary of all crosses performed on the two F, families 5, and 11, 

Types of crosses No. of florets No. of seeds Pim nl 
Compatible crosses 5, . : 5,099 75149 140'2 
10,147 15,203 149°8 
Incompatible crosses 5, 1,216 26 
3,970 1,540 39°0 

Selfings 5; : 53097 8 016 


of crosses were very clearly defined. Family 11, showed a significantly 
higher degree of pseudo-fertility than did family 5,, but in no instance 
was pseudo-fertility so high as to obscure group differences in the 
family. 

The chief interest in table 2 lies in the difference in mean seed-set 
from pseudo-fertility in the intra-group crosses. In groups I and II 
of family 11, the average seed-set from pseudo-cross-compatibility 
was high—34 and 43 per cent. respectively, while the corresponding 
average for group 1II was only 1°5 per cent. It might be argued, 
since this latter figure was based on only two crosses, that its significance 
is doubtful. But since the three plants belonging to groups III and 
IV in this family were almost completely sterile in both self- and 
intra-group pollination, while those of the first and second groups 
showed unmistakenly high pseudo-cross-compatibility, it does suggest 
that these groups may possess different levels of pseudo-compatibility. 
Similarly, in family 5,, groups I and III gave a seed-set from pseudo- 
cross-compatibility of 4°5 and 4:6 per cent. respectively, while groups II 
and IV yielded a seed set of only 0-83 and o-o per cent. The “t” 
test for the means of groups I and III tested against II and IV shows 
the difference to be significant at the 5 per cent. level (¢ = 2-112, 
n = 23). 

It appears, therefore, that these two families possess two genotypes 
with high pseudo-cross-compatibility and two with low pseudo-cross- 
compatibility. The female parent of family 11, exhibited considerable 
pseudo-self-fertility * and that is the chief reason why this family was 
selected for investigation. If the genotypes in the cross are denoted 
as Sa. b and Sc. d g, and assuming one of the alleles—say Sa—in 
the female parent was a weak allele, then the two progeny genotypes 


* Plant no. 80, which was the female parent of this family, gave 76 fully developed 
seeds through self-fertility following artificial manipulation of the heads. 
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containing Sa (Sa. ¢ and Sa. d) would also presumably exhibit pseudo- 
compatibility, while the other two groups, Sb.c and Sb. d, would 
not or only slightly do so. This is one possible interpretation ; another 
possibility will become evident later in connection with the data on 
L, families. 


(b) Compatibility in L, families of Trifolium hybridum 


The occurrence of pseudo-self-compatibility enables one to observe 
the behaviour of pollen tubes in styles possessing similar S alleles to 
those present in the pollen. Pseudo-compatibility implies either that 
the inhibitiory reaction is inherently weak, or has become weak as 
a result of its nuclear and cytoplasmic environment. The possibility 
of factors delaying the time of production of chemical substances, 
and thereby retarding the expression of S alleles, must not be over- 
looked. 

The families La/77 and La/87 obtained as a result of pseudo-self- © 
compatibility were investigated. The distribution of the genotypes 
present was shown by means of (1) using three tester sibs as male parents 
on all the sister plants, (2) inter-crossing sibs of similar and dissimilar 
groups on the basis of the results in the first test, and (3) back- 
crossing to the parent plant. Theoretically, three genotypes were 
to be expected in each such family—two homozygotes and one 
heterozygote in the ratio of 1 : 1: 2. 

A summary of the distribution of genotypes and of the fertility in 
the various crosses is given in tables 4 and 5. 


TABLE 4 


Distribution of genotypes in two families of Trifolium hybridum 
obtained as a result of pseudo-self-compatibility 


Family no. Group I Group II Group III 
(homozygous) (homozygous) (heterozygous) 
La/77 5 ° 5 
(2°5) * (2°5) (5) 
La/87 4 ° + 
(2) (2) (4) 
* Expectation. 


The results presented in table 4 show that in each family there 
was the complete absence of one of the homozygous genotypes. 
Unfortunately, the number expected in each family was too small to 
justify calculation of x?. Also, probability calculation could not be 
made on the totals of the two families because the figures obtained 
depend entirely on to which of the two homozygous groups the 
homozygous plants in the second family are assigned. It is, however, 
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rather remarkable that both families have shown an absence of one 
of the homozygous classes, particularly since this is accompanied 
by an excess in the other homozygous group. Since the expected 
figures are small, these trends must be discussed with caution. One 
possible cause of the uneven distribution emerges from consideration 
of the results presented in table 5. 


TABLE 5 


Summary of percentage fertility resulting from all the intra- and inter-group crosses made in 
the L, families La/77 and La/87. The average percentage self-fertility of all the plants 
in each group is also given 


La/77 3 La/87 
verage 
pseudo-self- 
Genotypes Sa.a Sa. b Sc.¢ Se.d fertility 
| of groups 
(per cent.) 
\ Plant nos. | 1, 3, 5,657] 2, 4, 8,9, 10 | 1,3, 2,5,7,8 
La/77 | Sa.a | 17, 3,5,6,7 0°322 167 12 
(23) * (8) (5) 
Sa. b | 2,4,8,9,10| 4°46 +58 39 
; (24) (5) 
La/87 | Sc.¢ | 1,3,4,6 188 26-4 
(18) | (8) (4) 
Sc. d | 2,5,7,8 58:17 | 56-92 44°6 
(14) (22) (4) 


* No. of crosses from which fertility was calculated. 


The chief point of interest in table 5 is the difference in pseudo- 
compatibility exhibited by the different incompatibility groups. The 
class Sa. a in family La/77 shows high incompatibility. In the crosses 
involving Sa. b 9 xSa. a g the average is about 14 times greater than 
that for the Sa.a QxSa.a $ group, and the difference between the 
two averages is highly significant (¢ = 2-486, P = 0-o2—o0-01). There 
is no significant difference between the two means 4°46 and 5:58. 

This result indicates that Sa, when present in a homozygote, 
behaves as a very strong inhibitor of pollen-tubes of like constitution. 
However, in the Sa. 6 2xSa.a combinations, in which the only 
difference is the presence of the Sb allele in the heterozygous female, 
the inhibitory action of Sa is rendered considerably less efficient and 
many more pollen-tubes effect fertilisation. It therefore appears that 
the presence of the Sb allele and its products react or compete with 
the Sa allele and its products, with the result that the expression of 
the latter is weakened. If the only comparison present in this data 
was between the pseudo-self-compatibility of the Sa.a and Sa. b 
groups, the logical conclusion would have been to attribute differences 
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to a weakness in the Sb allele, and one finds many references in the 
literature to this kind of weakness in particular alleles. It will be 
noted, however, that the mean of 18 matings within the Sa. 4 class, 
where Sb was present in 50 per cent. of the pollen, is not significantly 
different from the mean of the Sa. b 2xSa.a 3 crosses where only 
Sa pollen was present. If Sb were considerably weaker than Sa in 
this family, a significant difference in the two groups mentioned 
should result. 

In family La/87 there is no significant difference between the 
group means of the incompatible matings. However, if the group 
Sc. ¢ is examined closely (see tables 6-9) it will be noted that only 
when plant No. 6 was used was any appreciable seed set obtained in 
crosses within this group. Further, it will be seen from table 7 that 
of the four plants in the Sc. ¢ class, only No. 6 gave a seed-set of over 
1-4 per cent. following selfing. The actual percentage pseudo-self- 
compatibility in this plant was 104. The behaviour of plant No. 6. 
in this respect resembles plants of the heterozygous group, which 
exhibited pseudo-self-compatibility as high as 78 per cent., and a 
pseudo-cross-compatibility of over 100 per cent. in some crosses. 
For reasons which are given later, it appears that plant No. 6 could 
not very well have had any sterility constitution other than Sc. c, 
but that the genotype Sc. ¢, as expressed in No. 6, behaved in a very 
abnormal manner as compared with the other three sister plants of 
this genotype. The behaviour of this plant suggests that the typical 
expression of Sc has in some way been changed. This possibility is 
discussed later. 

If, then, all crosses involving plant No. 6 are omitted, the mean 
compatibility for intra-group crosses involving Sc. ¢ is reduced from 
30°90 to 2:18 percent. The difference between this latter mean (2-18) 
and the mean for the Sc.d 9xSc.¢ $ crosses is significant at the 
o-oo1 level. This indicates further the weakening effect that can 
result from interaction between S alleles in heterozygotes and supports 
the results obtained with family La/77. This type of interaction 
provides another possible explanation for differences in pseudo- 
compatibility shown by the sterility groups in family 11,, as well as 
for the absence of one of the two homozygous genotypes mentioned 
earlier. 


(c) The sterility constitution of plant No. 6 in family La/87 


In view of the abnormal behaviour of plant La/87/6, it is proposed 
to deal with the analysis of this family in detail, so that all the relevant 
data may be compared. The first step in the analysis involved 
reciprocal, chain crosses between five sister plants, so that plants 
known.to be of different sterility constitution could be selected as 
testers for the whole family. The results of these crosses are set out 
in table 6. 

This family proved to be more difficult to analyse, as the high 
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percentage pseudo-compatibility expressed by some of the progeny 
masked the true compatibility relationship of the plants in certain 
cases. The pseudo-self-compatibility and pseudo-cross-compatibility 
approached one seed per pod in some instances, and the crosses 
could then only be separated from the truly compatible ones by careful 
consideration of the fertility in all the relevant combinations. 


TABLE 6 
Fertility results of test crosses for the identification of genotypes 
in family La/87 

Seed-set Proposed 

Parents No. of florets No. of seeds (per cent.) genotypes 
2x7 55 82 149 Se.e xSce.d 
7X1 42 19 45 Sc.d xSc.c 
7%5 43 3 7 Sce.d xSc.d 
5X7 9 5 13 Sce.d xSe.d 
5X4 I ° Sc.d xSc.c¢ 
4X 72 113 Sc.¢ xSe.d 
x 19 Sc.¢ xSc.c? 
X4 80 110 Sc. ¢? xSe.¢ 


Assuming the constitution of the parent plant to be Sc. d, the 
results set out in table 6 indicate that sibs number 5 and 7 belong to 
the Sc. d class, while numbers 1 and 4 appear to be of the genetic 
constitution Sc.c. The 45 per cent. seed-set obtained in the cross 
7 2x1 ¢ was therefore probably due to pseudo-compatibility. From 
the test crosses it could not be decided whether the two homozygotes 
were of the same sterility constitution, but subsequent crosses have 
shown that both belonged to the Sc.¢ class. The remaining plant 
—No. 6—reacted in such a way in the test crosses that its constitution 
could not be definitely decided. It has, however, been assigned the 
genotype Sc. c, based on results which are given in subsequent tables. 

As a result of these crosses, three tester plants, Nos. 1, 5 and 7, 
were selected for crossing as males with the other plants in the family. 
The results are given in table 7. 

The plants which can be readily assigned their genetic constitution 
on the basis of their reactions with the tester plants are: Nos. 1, 3, 
and 4—Sc.¢ class—and Nos. 5 and 7—Sc.d class. The remaining 
plants, Nos. 2, 6 and 8, need further consideration. 

Plant No. 2 yielded a low seed-set with all three tester plants, 
the highest being 102 per cent. with No. 5 as male parent. The 
pseudo-self-compatibility of this plant amounted to nearly 80 per cent., 
so that even the 102 per cent. seed-set obtained in the above-mentioned 
cross was probably the result of pseudo-compatibility. It may be 
stated that all the tests on pseudo-self-compatibility reported in this 
family have been calculated from a minimum of six heads involving 
an average of over 300 florets. All the heads used in such selfings 
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where the pseudo-compatibility was relatively high varied only within 
the limits expected, and not one flower head among the 4g selfed in 
connection with the analysis of family La/87 gave an unexpected 


TABLE 7 


Fertility resulting from crossing 8 sister plants of family La/87 with the tester sibs—La/87/1 
(Sc. c), La/87/5 (Sc.d) and La/87/7 (Sc. d) as male parents. The average pseudo- 
self-fertility of the parent is also given 


Tester sibs 
Proposed 
La/87/ La/87/ La/87/ genotype of 
at 7/5 717 
(Sc. ¢) (Sc. d) (Sc. d) (per cent.) paren 
La/87/1 145 234 
pe 78 Se. d 
» 4 10 118 190 
Oo 14 4 
» § 184 104 Se. ¢? 
” 20 36 64 Sed 
go 35 Se. d? 


result. The figures given for pseudo-self-compatibility in the plants 
are therefore considered to be absolutely reliable. In view of the 
high pseudo-fertility shown by plant No. 2, its reaction with the testers 
suggests that it is heterozygous (Sc. d) for sterility. 

The highest percentage pseudo-fertility (104 per cent.) was 
expressed by plant No. 6. From its reaction with the Sc. ¢ tester, it is 
possible that No. 6 was a homozygote (Sc.c), the 121 per cent. 
seed-set being only another expression of its pseudo-compatibility. 
In combination with the two Sc. d testers, the seed-set obtained was 
83 and 52 per cent. respectively higher than when the Sc. ¢ tester 
was used. This indicates that at least one of the genes in these hetero- 
zygous testers was unmatched in the female. Plant No. 6 has therefore 
been provisionally classed as an Sc. ¢ type. 

The constitution of No. 8 remains doubtful. One is led to believe, 
however, that all the results of crosses involving No. 8 with the testers 
are variations of pseudo-compatibility. In the tests for pseudo-self- 
compatibility, No. 8 yielded a seed-set of 35 per cent., the six individual 
heads varying between 14:1 and 74:5. This wide range of pseudo- 
self-compatibility indicates that the three test crosses were pseudo- 
compatible and that plant No. 8 was of the constitution Sc. d. 

This is further substantiated by inter- and intra-group tests 
summarised in tables 8 and g. 

The intra-group crosses in table 8 demonstrate clearly that Nos. 1, 
3 and 4 belong to the same sterility group. Plant No. 6 in reciprocal 
crosses with plant No. 1 gave 84 per cent. seed-setting, but it will 
be noted that this seed-set amounts to less than half the fertility 
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expressed in six truly compatible crosses where No. 6 was involved. 
This, together with the high pseudo-self-compatibility exhibited by 
No. 6, strongly suggests that Nos. 1 and 6 were of the same constitution, 
and therefore confirms the tentative sterility genotype previously 
assigned to plant No. 6. 


TABLE 8 
Fertility results of intra-group crosses among L, plants of family La/87 
Fertility 
No. of No. of Percentage 
1X3 103 206 3} 
3X1 103 139 3 
1X4 102 
139 (3) Sc. ¢x Sc. ¢ 
19 170 84 (9 
6x1 I 142 81 t91 (6) 
Total 980 32 
2x8 100 108 108 
8x2 109 88 ar | 94 
5X7 2 195 8 27 
5 
7x 3 319 103 2 3 
xé 781 66 } 987) Sc. dx Sc. d 
10 
5x 101 43 43 27 (8) 
Total 1214 954 79 


* In column 5 the figures for the Sc. ¢ 9 x Sc. ¢ f crosses refer to averages of compatible 
matings, while those for the Sc.dQxSc.dd¢ crosses refer to averages of incompatible 
matings. The figures in brackets in this column refer to the number of crosses from which 
the average was calculated. 


With regard to the crosses between plants of the heterozygous 
group, it is fairly evident that the results obtained were expressions 
of very high pseudo-compatibility. This conclusion is based on 
(1) the high pseudo-self-compatibility shown by the group—ranging 
from 1-4 to 78 per cent. ; (2) the similarity in the fertility obtained 
in the crosses and the average figure for pseudo-cross-compatibility 
shown by the female parents ; and (3) the fact that the highest per- 
centage fertility (108 per cent.) in the matings was less than 50 per cent. 
of the highest results from fully compatible crosses, while the average 
figure (79 per cent.) for the group was only 40 per cent. of the average 
in all the compatible crosses in the family. 

From table g it will be noted that excellent fertility resulted from 
all the Sc. ¢ 9 xSc. d J crosses, while the reciprocal crosses were lower 
in fertility by more than 50 per cent., as is to be expected. 

The behaviour of sister plant No. 6 in this family is interesting 
because, on the basis of the results, it appears to be of the Sc.c¢ 


INCOMPATIBILITY IN ALSIKE 63 


constitution, and yet its behaviour when selfed and when crossed 
with other plants of the same sterility constitution is precisely the 
same as that expressed by Sc. d plants. In crosses of the type Sc. ¢ 2x 
Sc. d 3, however, No. 6 behaved as a normal Sc. ¢ and expressed full 
fertility, so that the difference which exists between the Sc. ¢ genotype 
in this plant, as compared with the other three sister plants of the 


TABLE 9 
Fertility results of inter-group crosses among L, plants of family La/87 
Pseudo-self- 
Fertility 
No. of No. of | Percentage | fertility of 
Parents! florets seeds seed-set parent Genotypes 
(per cent.) 
1X2 100 230 2 
1X5 101 188 I 
1X 103 249 242 z 206 (6) 
1X 104 232 223 
x5 94 106 113 ° 139 (3) Sc. ¢xSc.d 
x7 50 92 184 
6x 100 205 20. 104 191 (6) 
6x 163 254 15) 
Total 815 1536 188 
2X1 97 88 78 89 3) 
5X1 94 I 27 (8) 
104 120 115 64 75 
x1 107 gt 85 35 79 
5x 95 I 27 (8) Sc. dxSc.c¢ 
7x 95 109 64 75 
x6 I 27 
x6 17% 131 77 35 79 (8) 
Total 854 617 72 


* In column 6 the figures for the Sc. c 9 x Sc. d $ crosses refer to averages of compatible 
matings, while those for the Sc.d 2xSc.¢ $ crosses refer to averages of incompatible 
matings. The figures in brackets in this column refer to the number of crosses from which 
the average was calculated. 


same constitution, is such that it affects only pseudo-compatibility. 
In addition, it must be noted that this difference in pseudo- 
compatibility is of a similar order to that which exists between the 
Sc. ¢ sibs and the Sc. d group. Possible explanations for this behaviour 
are presented in the discussion. 


(d) Compatibility in three families resulting from crossing unrelated 
plants with plants homozygous for the S factors 
Twelve randomly selected plants—Nos. 91 /1-91/12—were crossed 
as females with La/77/6, which had been shown to be homozygous 
for the sterility factors. Three of the resulting families, Nos. 502,, 
509;,.and 510, consisting of 26, 28 and 27 plants respectively, were 
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chosen for a detailed study on the segregation of sterility factors. 
On the basis of the oppositional factor hypothesis, not more than two 
sterility genotypes should appear as a result of such matings. 

For the analysis of the progeny, six tester sibs from each family 
were crossed as male parents with all their sister plants, and an average 
of approximately 100 florets was pollinated in each cross. 

The summary of the analysis is set out in tables 10 and 11. 


TABLE 10 


Summary of the analysis of sterility genotypes in three families, resulting from 
crossing plants of the constitution Sx y 2xSa.a g 


Genotypes 
Family no. x’ P 
Sa. x * Sa.y 
502; 13 13 0°00 
5091 13 15 0°143 0°70 
510, 16 Il 0:926 0°50-0°30 


* Sx and Sy represent the two unidentified alleles recovered from each of the three 
parents. 
TABLE 11 
Frequency distribution of percentage seed-set in the incompatible crosses in 
families 502,, 509, and 510, 


Percentage set 
Family Genotypes Total 
0-3 - 6-10-15 - 20-30-40 - 50-60-70 


502, Sa. x 6. 6. @ 26 
5091 Sa. x 6 6 Verte 52 


From table 10 it is clear that these three families segregated 
according to expectation into two intra-sterile, inter-fertile groups. 
The separation of crosses into compatible and incompatible presented 
but little difficulty, as can be seen from the frequency of pseudo- 
compatibility in table 11. This latter table gives an indication of 
the spread of seed-setting that can be expected when plants of similar 
genotypes, which express only a small degree of pseudo-compatibility, 
are intercrossed. It will be recalled that the gene Sa showed slight 
pseudo-compatibility when present in the homozygous genotype— 
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Sa. a—and it appears from the similarity in the degree of pseudo- 
compatibility in the above families as compared with the Sa. a crosses, 
previously reported, that the seed-set shown in table 11 might have 
been due to the Sa allele. If that is so, it is important to note that 
the inhibitory powers of Sa have been affected more by genetic 
recombination in family 510, than in either of the other two where 
it has remained practically unchanged. 


(e) The number of allelomorphs governing compatibility 


The first experiment designed to indicate the number of incom- 
patibility factors in natural populations was conducted with 22 plants 
drawn at random from two different populations of alsike. These 
were crossed as females with La/87/1, La/77/1 and La/77/6. The 
male parents have already been shown to be of the constitution Sc. c, 
Sa. a and Sa. a respectively. The populations from which the female | 
parents were taken were in all probability large breeding populations 
such as would be expected in commercial seed production stands. 
It is not known what inter-relationships, if any, existed between these 
two populations. 

A total of sixty-five crosses were completed, and, apart from one 
cross which proved to be sterile, seed-setting was normal for compatible 
crosses. The one sterile cross of the series (92/8 9 xLa/77/1 3) was 
obviously accidental because, when the same female parent was 
crossed with the other Sa.a_ tester—La/77/6—full compatibility 
resulted. This result indicates that neither the Sc nor the Sa alleles 
occur among the 44 S alleles present in this material, and that the 
allelic series is extensive. Using a method suggested by Stevens 
(1942), on the basis of the observed frequency, the upper limit of the 
frequency of both of these alleles is 9-90 per cent. at the 1 per cent. level. 

Another test on the number of alleles governing incompatibility 
in this species was made on progeny derived from crossing 11 randomly 
selected plants with a homozygous male—La/77/6 (Sa. a). From these 
matings, 11 F, families were raised, and, according to expectation, 
each family should consist of two sterility groups. Each of the two 
groups should have one allele—Sa—in common, as well as one un- 
identified allele from the female parent. The first step in the 
identification of the 22 alleles from the 11 female parents consisted 
of separating 6 sibs from each family into the two genotypes ; this 
was accomplished by using one sib from each family as male tester 
on the other five. Twenty-two plants—two from each F, family— 
were thus selected, and, in order to check the presence of Sa in each, 
they were back-crossed in both directions to the homozygous parent. 
The results of these crosses demonstrated the presence of Sa in each 
of the selections. The unidentified alleles were then tested by inter- 
crossing the 22 selected plants. These crosses were performed in only 
one direction. 

E 
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Out of a total of 231 matings, only 11 proved to be incompatible. 
The incompatible crosses were :— 


3 3 
(1) 5071* X504,% * (7) 510, 9 X507,7 
(2) 508, 508,x (8) 512, 7 X506,x 
(3) 5091* x 506, (9) 5131* X505ix 
(4) 5091.7 X5031% (10) 51319 X508,x 
(5) X 506,» (11) 5131 9X508, 


(6) 5104x x 509,* 


* x and » refer to the two unidentified alleles in each of the 11 families. 
The above incompatible crosses were repeated in both directions, 


and from a total of 5284 florets pollinated, the seed-set was only 
1°65 per cent. It will be noted from the above that 508,x and 508, » 


- were incompatible with each other, and that therefore only one of 


the two genotypes had been extracted from family 508,. This error 
undoubtedly arose because of the pseudo-self-compatibility exhibited 
by 508,9, which, on the basis of early examination of the pods, suggested 
compatibility with the tester plant. 

From these results one can conclude that of the 21 alleles tested, 
13 were different, 6 were represented twice, and 1 three times. In 
the sample tested, the number of unlike alleles amounted to 62 per cent. 
of the total. 

Bateman (1947), following a method suggested by Stevens (1942) 
for calculating tests of significance on mutation rates, determined 
the number of alleles operating in population samples of red clover 
described by R. D. Williams and W. Williams (1947a). The calcula- 
tion is based on the assumption that all the alleles are of equal 
frequency, but since this is very unlikely, the method can only be 
regarded as a very rough estimate. Further, Fisher (1947) showed 
that the upper limits of variation in such data is not reliable and 
therefore should not be used. 

The application of the method to the present results gives a total 
number of alleles of 22 within the limits of 10 and 65 ? at the 1 per 
cent. point. (The probability of finding an allele common to a pair 


of plants was taken as ree The total number of alleles suggested 


by the above data is considerably less than in red clover, where the 
number calculated was 212. Owing to the large errors of sampling 
that must inevitably be involved in such tests, it is not possible to 
make a reliable comparison between the species in this respect. 


4. THE EVOLUTION OF INCOMPATIBILITY 


The number of species possessing an oppositional factor control 
over the sterility mechanism is gradually being shown to comprise 
many varied classes of plants; the majority are insect-pollinated. 
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It appears, in view of the number of families which are known 
to contain this type of sterility mechanism, that similar evolu- 
tionary trends have been happening independently in many different 
species. 

The relationship between self-fertile and self-sterile types is 
important in connection with the development of a sterility mechanism. 
Although no direct evidence seems to be available on the evolutionary 
positions of these two groups, one is able to form a justifiable opinion 
when the fertility mechanism is considered in relation to life cycle. 

The first reference known to the writer where a correlation was 

shown between life cycle and fertility is that of Kirchner (1905). 
In all, 36 genera comprising 94 different species were listed from the 
Leguminose, and of the 51 annual species 45 were definitely self- 
fertile, while among the 44 biennial or perennial species only 4 were 
self-fertile—4o being self-sterile. One of the species, Medicago lupulina, 
possessed two forms—an annual and a perennial form. The annual. 
type was found to be self-fertile, while the perennial was self-sterile. 
Kirchner further analysed a list of self-fertile and self-sterile plants 
given by Darwin (1876) and found a strong association between the 
type of life-cycle and fertility. This latter list consisted of 108 species 
drawn from a variety of genera. Williams (1931a) found in his tests 
with twenty different Trifolium species that only one—Trifolium 
Sragiferum, which is a self-fertile perennial—failed to show the type 
of correlation suggested by Kirchner. ‘The conclusions drawn by 
Williams appear to have been independent of Kirchner’s observations. 
Further, Beddows (1931) showed that of 35 annual gramineous species 
studied, only 5 could be classified as self-sterile. Twenty out of 29 
perennial species, on the other hand, failed completely to set seed 
with their own pollen. The association observed by Kirchner in the 
leguminose seems therefore to hold in other families as well, including 
the wide range of families and genera given in Darwin’s list. 

From extensive cytological evidence, Miintzing (1936), Tischler 
(1937), Senn (1938), and Stebbins (1938) concluded that, in general, 
perennial forms have arisen from annuals by polyploidy, and that 
consequently the annual forms are probably in the majority of 
instances the ancestral types. In view of the association which appears 
to be fairly general between the annual habit and self-fertility, it 
may be suggested that self-sterile perennial forms arose from more 
primitive self-fertile annual forms, and that the oppositional factor 
basis for the inheritance of sterility arose by mutation from plants 
which were self-fertile. 

This was the conclusion arrived at by East (1929) on phylogenetic 
evidence. The development of the sterility alleles according to East 
would be possible, and any mutation would be preserved, through the 
self-fertility of the genotype containing the new mutant in a hetero- 
zygote (e.g. Sf. 1). As the number of mutations increased, the survival 
of self-sterile genotypes would be ensured. Mather (1943) on the 
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basis of specific crosses with Petunia spp. agrees that the incompatibility 
system arose from a self-compatible ancestor, but argues that it could 
not have developed in Petunia by direct mutation giving strong sterility 
alleles which persisted under cover of the Sf gene as suggested by 
East. This disagreement is based on two reasons. First of all, the 
mutant in Petunia would have been female sterile, because the self- 
fertile allele (Sa) found in P. axillaris was not able to traverse styles 
carrying the mutants S, or S,, or both. In my opinion, however, the 
existence of only partial compatibility between P. axiliaris and P. 
violacea may suggest that these two species have been isolated as 
breeding communities for some time, so that changes other than 
those directly concerned with the sterility alleles may have been 
responsible for the peculiar reaction of the self-fertile allele Sa. All 
the other self-fertile alleles discovered, for example in Nicotiana 
_ Langsdorffii (East, 1929), Trifolium pratense (Williams and Silow, 1933, 
and Williams and Williams, 1947), and Trifolium repens (Atwood, 
1945), possessed none of the peculiarities shown by the self-fertile 
allele in Petunia axillaris. The substantiation of Mather’s contention 
requires the demonstration of the behaviour of the Sa allele from 
P. axillaris in crosses with mutants that might arise within that same 
species. 

The other point put forward by Mather in connection with the 
development of sterility alleles is that, on East’s hypothesis, it is 
presumed that the mutants would spread through the population 
owing to the advantages of an outbreeding mechanism. This assump- 
tion he considered to be insecure because it necessitates that outbreeding 
superiority and mutation at the sterility locus should have occurred 
simultaneously in a population which had hitherto relied on an 
inbreeding mechanism. But, on the other hand, it is known that 
cross-fertilisation does occur occasionally under certain conditions 
even in typically self-fertilising species (¢f. wheat and oats), and that 
a considerable release of variability does occur when pure lines are 
crossed. Such species can therefore gain considerable advantage 
and flexibility from outcrossing through recombination and the 
segregation of extreme types, even though they are predominantly 
dependent on an inbreeding system ; and in spite of the fact that no 
apparent development in the direction of outbreeding superiority 
has occurred. 


5. PSEUDO-COMPATIBILITY 


One of the most interesting aspects of the oppositional type of 
sterility shown by the present work on alsike is the expression of 
distinct Jevels of pseudo-compatibility by the different genotypes. It 
is not possible very often to know exactly the level of pseudo-com- 
patibility existing in the other species reported in the literature, because 
many authors present their results in a form which does not involve 
setting out the actual seed-set obtained. 


ae 
4 
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Several conditions affecting pseudo-compatibility are known and 
have already been described. Foremost among these are (1) the 
stage of development of the head, and (2) the environmental conditions 
at the time of pollination. Emerson (1940) showed that if plants of 
Ocnothera organensis were kept in the dark for a period of three days 
or more, the styles permitted a much longer growth of incompatible 
pollen-tubes than those kept in the light. The maximum effect was 
shown when the plants had been five days in darkness and when 
they were beginning to exhibit signs of general weakness owing to 
the absence of light. Plants in which only some branches were kept 
in the dark, and on which styles were tested, showed no increased 
growth of the pollen-tubes. Emerson concluded that the reason 
for the apparent weakening of the incompatibility reaction was due 
to the general state of physiological debility which is reached after 
the plant has been several days in the dark. The possibility of there 
being a diffusion of substances from the areas exposed to the light to. 
those kept in the dark was not tested. 

The relationship between pseudo-compatibility and the S alleles 
has been discussed by several authors. In Nicotiana, East (1929), 
while appreciating the likelihood of other genes behaving in such 
a way as to reduce further the inhibitory effect of some of the weaker 
alleles, concludes that “under comparable conditions each self- 
sterility gene possesses a characteristic pollen-tube growth-curve in 
incompatible matings.” He further points out that in Nicotiana any 
subsidiary genes which may be responsible for accelerating pollen- 
tube growth express themselves only in the female, because intra- 
group matings exhibited differences in pseudo-compatibility in 
reciprocal crosses. East (1934) gives additional evidence to support 
his contention that other genes have little effect on the expression of 
pseudo-compatibility. Similar reactions were observed for incom- 
patible pollen-tube growths involving similar S alleles, even though 
the sterility alleles were derived from different families which segregated 
for as many as six other genes. Atwood (1942) states that in Trifolium 
repens there is apparently little if any, relationship between S factors 
and the amount of pseudo-compatibility shown by the genotypes. 
The conclusion reached in this case was that pseudo-compatibility is 
governed in the species by the action of several additive genes. This 
data presented, however, are not conclusive as to whether individual 
S factors exhibit different levels of the incompatibility reactions. 

Mather (1943) has suggested that the S locus is under the control 
of balanced combinations of polygenes which are capable of expressing 
any strength of reaction according to the particular combinations 
present. As soon as the balance of polygenes is upset, it is suggested, 
on the basis of the Petunia species-crosses, that the S factors cease to 
control the incompatibility reaction and lose their oppositional effect. 
A somewhat similar viewpoint has been adopted by Lewis (1943). 

The pseudo-compatibility shown by different sterility groups in 
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this investigation (for example, family 11,) suggests that the incom- 
patibility factors do play a part in determining the pseudo-compatibility 
reaction. If several independent genes were responsible for the 
expression of pseudo-compatibility in this family, one would expect 
all four sterility genotypes to show equal variation in seed-setting in 
pseudo-compatible crosses. Further, with one exception, all the 
homozygous plants Sa. a and Sc. ¢ showed that the control over the 
inhibitory reaction was very uniform in the different individuals of 
the same group, even though the families showed variations in 
pseudo-fertility. On the basis of several genes this would not be 
expected, unless certain of these S alleles may have had such a 
dominating control over the reaction that the presence of modifiers. 
would be rendered ineffective, while others with a weaker expression 
would respond immediately to the modifying genes. 

In some instances it is possible that modifiers have been postulated 


to account for the natural variation in pseudo-compatibility that 


almost inevitably occurs in different tests. For instance, variations. 
in seed-setting of as much as 14 and 80 per cent. have been found in 
the present tests even among different heads on the same plants: 
which were selfed within a period of 30 minutes of each other. To 
distinguish this type of variation from that involving modifying 
factors requires several careful tests in order to enable one to arrive 
at a true average for the plant. In view of this, the effect of modifiers. 
postulated for certain species should be accepted only with caution. 

In certain heterozygotes investigated in this material, the pseudo- 
fertility of one allele was shown to be considerably affected by the 
presence of an other allelel in the female parent. The only instance 
where a similar type of interaction has been reported is in Nicotiana 
(East, 1934) where it was found that the growth rate of the pollen-- 
tubes carrying S,, S,, or S,; alleles was faster when combined in a 
heterozygote with S, than when present as homozygotes. Such an 
interaction may be the effect of competition for a basic precursory 
compound necesary for the synthesis of the final inhibitory substances.. 
This was suggested by Lewis (1943 and 1947) in connection with 
the interaction of S genes in diploid pollen grains of polyploid Oenothera 
organensis material. The evidence of intra- and inter-group crosses. 
in alsike, together with the fact that no homozygotes (Sb. 6 and Sd. d@) 
appeared on selfing the original parents, suggest that the allele causing 
the interaction was relatively strong in its inhibitory reaction. 


Note.—The behaviour of plant No. 6 in family La/87 cannot be adequately 
explained on the basis of results so far obtained. The following possibilities may 
be briefly mentioned :— 

(1) The high pseudo-compatibility shown may have been brought about by a 
spontaneous mutation either at the S locus itself, or else in a locus directly modifying: 
its expression of pseudo-compatibility. Ifa mutation happened at the S locus, this 
implies that a mutation can alter the pseudo-compatibility of Sc without enabling” 
the mutant to become fully compatible with its parental allele. A. mutation. 
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affecting the action of an S gene when present in the pollen in Oenothera organensis 
has recently been reported by Lewis (1946). The same mutation when occurring 
in the style behaved like the parent allele. 

(2) The plant may have accumulated a large dose of positive modifiers, or else 
the balanced combinations of modifiers might have been so upset as to weaken 
the action of the S allele. The main objection to this lies in the fact that the change 
from no pseudo-compatibility in the three sister plants of the same constitution to 
approximately 100 per cent. seed-setting by pseudo-compatibility in plant No. 6 
shows greater discontinuity than would be expected on the basis of modifier action. 

(3) The Sc locus might possibly have exchanged a part of its composition, for 
example a side-chain of the gene molecule, with a similar part of the Sd locus with 
which it was associated in the parent. It will be recalled that the Sc. c genotype 
of plant No. 6 had the same pseudo-compatibility level as the Sc.d plants, and 
that it was fully compatible when Sc. d plants were used as males. The possibility 
of a cross-over must be borne in mind, particularly since the likelihood of an exchange 
within a compound locus in Gossypium has been discussed by Silow and Yu (1942). 


6. SUMMARY 


1. Trifolium hybridum proved to be highly self-sterile, and cross- 
compatibility has been shown to be of the diploid “ oppositional 
factor ” type first described in Nicotiana. 

2. Pseudo-compatibility in the species has been found to vary 
considerably even among plants of the same family, and types 
approaching full self-fertility appeared among the different progenies 
studied. 

3. In most of the progenies studied the expression of pseudo- 
compatibility was shown to be under the direct control of the S genes. 
_ 4. The interaction of two different S factors in the style had a 
pronounced effect on the level of pseudo-compatibility of certain 
alleles. 

5. An Sc.c plant was isolated in which the level of pseudo- 
compatibility had been altered, either as a result of a mutation of 
Sc or else following a cross-over within the S locus. The change in 
Sc did not enable it to become fully compatible with the normal Sc 
allele. 

6. Various tests have shown that the number of sterility alleles in 
alsike is extensive. Out of 21 alleles studied, 13 were shown to be 
different, 6 being represented twice, and 1 three times. 

7. A marked correlation appears to exist between the life-cycle 
of plants and their breeding systems. It is suggested that incom- 
patibility systems have arisen by mutation from self-fertile annual 
forms. 
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ATTENUATION OF GENETIC PROGRESS UNDER 
CONTINUED SELECTION IN POULTRY 


|. MICHAEL LERNER and EVERETT R. DEMPSTER 
University of California, Berkeley 

Received 20.x.50 
In the absence of disturbing factors, a phenotypic trait whose genetic 
variance is determined by alleles at a single locus will respond to 
selection pressure until fixation of the most desirable allele is attained. 
Presumably similar exhaustion of genetic variation may account for 
deceleration and eventual cessation of gains from selection of a character 
under polygenic control. It is, however, also possible that other | 
factors may interfere with the realisation of genetic gains long before 
the limitations imposed by the decrease in genetic variability enter 
the picture to a significant degree. Attention to a number of factors 
possibly responsible for this phenomenon has been drawn by Lush 
(1945), Dempster and Lerner (1949), Lerner (1950) and others. In 
general these factors represent mechanisms falling into one of two 
categories :— 


(a) Negative correlation of the selected trait with fitness, and 
(6) non-additive gene action (and possibly genotype-environment 
interaction). 


The first of these may take the form of a negative correlation in 
individuals chosen as parents between genotypes for the selected trait 
and the numbers of surviving offspring, or of a negative correlation 
in their offspring between genotypes for the selected trait and the 
probabilities of survival to maturity. 

Both (a) and (5) are basically varieties of what Lerner (1950) 
has called genetic homeostasis, or the property of a population at an 
adaptive peak to resist changes in its genetic composition. The 
_ more common and evolutionarily effective form of genetic homeostasis 
is, of course, selection fér fitness which tends to maintain the population 
at an adaptive peak. Under artificial selection, however, differences 
in what may be called natural fitness are not necessarily any longer 
the sole determinants of selective advantage. Thus if artificial selection 
for a character not intrinsically connected with viability, rate of 
maturation, and fecundity is practiced, the individuals excelling in 
the desired trait and thus selected to be the parents of the next 
generation are not always those possessing the greatest fitness under 
natural selection. If they are actually less fit in the latter sense than 
individuals nearer the mean of the population with respect to the 
trait under artificial selection, it is clear that some of the artificial 
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selection pressure applied will be dissipated in overcoming the pull 
of natural selection in the opposite direction from that of artificial 
selection. Under such circumstances, relaxation of artificial selection 
would result in the complete or partial return of the population to 
its original level with respect to the trait under selection. 

Examples of this situation are provided in the long-range Drosophila 
selection experiments of Mather and Harrison (1949), of which only 
one needs to be cited here. From an F, cross between two strains of 
Drosophila melanogaster previously not subjected to artificial selection, 
a line selected for a high number of abdominal cheta was established. 
Reasonably regular gains were obtained for 20 generations, but 
concurrently there occurred a reduction in fertility of such severity 
as to threaten the extinction of the line. Selection was suspended at 
this point and the line reproduced en masse, with the result that cheta 
number reverted in the course of 5 generations to approximately the 
original level. With minor fluctuations this level was henceforth 
maintained for over 100 further generations. 

At the 24th generation a selected line was again started from the 
mass culture. This line responded to selection without a loss in fertility 
and when selection was once more suspended 10 generations later 
no drop in cheta number was observed. 

Mather and Harrison interpreted these results in terms of Mather’s 
(1941, 1942, 1943) theory of polygenic balance. Briefly speaking, 
the gist of it as applied to this particular instance lies in the existence 
of linked combinations of genes some of which affect cheta number 
and others fitness. Under a high selection pressure for cheta number 
alleles with adverse effects on fitness were carried to high frequencies, 
being, so to speak, locked into blocks with desirable gross effects on 
cheta number. With suspension of the pressure for the latter trait, 
natural selection for fitness could once more operate to its full extent. 
In the meantime between the 24th and the 34th generation, blocks of 
different genic content arose as a result of crossing-over, so that a new 
adaptive peak at a higher level of cheta number came into existence. 

Whether Mather’s particular theory of polygenic balance or a 
broader basis such as suggested by Hazel (see p. 239 in Lerner, 1950) 
for the induction of negative genetic correlations between two traits 
under selection (cheta number and fitness in the Drosophila example 
described) be accepted, it seems that should mechanisms of this type 
be in operation in any given selection experiment, they might be 
detected by investigating rates of reproduction of individuals. Data 
for such an investigation are available from two experiments conducted 
with poultry. The purpose of the present communication is to 
examine them in the light of our previous remarks in order to determine, 
if possible, which of the three general factors * (exhaustion of variability, 


* A fourth factor may be noted in the reduction of selection pressure. However, unless 
selection for other traits is introduced this factor must be in turn produced by one or more 
of the three listed ones. 
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balance between fitness and a trait under artificial selection, and 
non-additive variability) are of greatest significance in decreasing 
the efficiency of genetic gains under selection. In the first of these 
experiments, that on shank length, an actual plateau has been reached, 
although it is possible that the plateau is only a temporary one, such 
as obtained by Mather and Harrison in some of their selected lines. 
In the second experiment, on egg production, it is impossible to say 
at the present time whether progress has stopped. Nevertheless, the 
attrition of the artificial selection pressure by natural selection in the 
opposite direction is still subject to investigation even if only a reduction 
of the rate of gain per unit of pressure applied is obtained. 


SELECTION FOR SHANK LENGTH 


Lerner (1943) has previously reported on the earlier phases of this 
experiment. It consisted of the establishment of a line of Single | 
Comb White Leghorns selected for long shanks at maturity from 
the University of California production-bred flock which later served 
as an unselected control. Table 1 shows the progress attained from 


TABLE 1 
Results of selection for increased shank length 
Production line Size line 
Difference 
Year in shank 
Number of | Mean shank | Number of | Mean shank | length, cm. 
birds length, cm. birds length, cm. 

1938 368 9°69 

1939 274 9°62 84 9°92 0°30 
1940 137 9°55 P 9°92 0°37 
1941 346 9°37 106 10°20 0°83 
1942 2 9°46 11g 10°29 0°83 
1943 543 9°42 1g! 10°46 1°04 
1944 104 9°41 75 10°73 1°32 
1945 382 9°48 61 10°84 1°36 
1946 309 9°44 88 10°71 1°27 
1947 377 9°77 Tt 59 10°73 f 0-96 

I 47! 9°89 53 10°96 1:07 
1949 473 9°53 92 10°78 1°25 

1939-1944 Change per year (least squares regression) ‘ ; 0-188 
1943-1949 Change per year (least squares regression) , . | —0°007 


* Six birds inadvertently omitted in Lerner’s (1943) report. 
t+ Measured by different observer. 


selection from 1938 to 1949. Only females were measured in this 
experiment, the selection of males being based on sister and progeny 
averages. All of the measurements of the birds up to 1946 were made 
by one of us (I. M. L.). In 1947 and 1948 a research assistant 
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undertook this task. In 1949 the measurements were carried out 
jointly by the original observer and another research assistant. There 
is considerable reason to believe that the technique of measurement 
used in 1947-48 led to overestimates of 0:1-0-2 cm. Since this 
discrepancy was undoubtedly a constant one for all birds measured, 
the last column of table 1 is probably a more accurate indication of 
the gains attained than the column giving the mean shank lengths 
for the selected line. In any case it may be clearly seen that selection 
was effective for the first seven generations, after which little if any 
further gains were obtained. This is clearly demonstrated by the 
average gains per year obtained in the first seven years as compared 
with that in the second (based on the regression of shank length on 
year, and allowing a one-year overlap in the two periods), which 
appear at the bottom of the last column in the table. 

Table 2 presents an analysis of variability of the successive genera- 
tions of the selected line. The heritability figures given are estimates 
from intra-class half and full sister correlations. They represent a 


TABLE 2 
Genetic parameters of size line 


(omitting families with only one offspring) 


Heritability 

Year f birds of variance (raw) 

inbreeding corrected 
(F) for F 

1940 87 0:029 (—0°049) (—0-050) or (—0-008) 
1941 99 0:072 0-262 
1943 182 0°145 0°053 orl 0-010 
1944 69 0°243 0-465 
1945 52 0°222 0649 (1-023) 0-280 
1946 78 0'273 07564 0-983 152 0-086 
1947 45 0°299 O°157 orl 0-020 
1948 34 ol 0°247 0°23 0-038 
1949 go 0°344 0:289 0°519 0°232 0-067 
1939-1944 | Average 0°097 0-260 0-287 0°229 0°059 
1943-1949 | Average 0°231 0-269 0°410 0-062 


considerable amount of variation from year to year, but the comparison 
between the average variability in the first and second halves of the 
period of selection indicates that the amount of genetic variance and 
the degree of heritability have not materially changed in the course 
of selection. This is substantiated by intra-sire daughter-dam 
regressions which lead to heritability estimates of 0-332+0-16 for 
the first and 0:542-++0-20 for the second half of the selection period. 
It may be parenthetically noted that the heritability of shank length 
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in the parent flock (the production line) was found to be 0-38, a figure 
comparable to the averages corrected for inbreeding in table 2.* 

It seems that consanguineous mating practiced in the selection 
line has not reduced the genetic variance to the extent which might 
be indicated by the magnitude of the coefficient of inbreeding, 
paralleling the previous findings of Shoffner (1948). The significance 
of this observation cannot, however, be adequately assessed at this time. 

We may thus see that in this experiment response to selection has 
ceased, although the genetic variability available for selection to 
operate on has not been exhausted. The question then arises as to 
which of the mechanisms noted as the possible explanations of such 
situations can be held responsible for the phenomenon observed. 

To simplify the computations bearing on this question, we may 
confine our analysis to the offspring of dams used as parents for the 
first time, since the inclusion of re-mated dams would introduce selection 
criteria (in particular their reproductive performance and progeny 
tests) which would complicate the situation. In the material at hand, 
82-5 per cent. (770 out of 933 birds) of the offspring in the years 


TABLE 3 
Analysis of offspring from pullet dams 


Selection 
Number | Index shank Ratio 
Year al of of length of realised : 
pin offspring | fitness * | offspring, Expected | Realised expected 
cm. 
cm. cm. 
1940 15 70 4°67 9°91 0-480 | 0°476 0-99 
1941 19 85 4°47 10°18 0°349 | 0°335 0-96 
1942 18 64 3°56 10°22 0°194 0"109 0°56 
1943 33 1g! 4°63 10°46 0-425 | 0-417 0-98 
1944 23 57 2°4 10°73 07558 0°505 
1945 aI 55 2°62 10°81 0°378 0°385 1-02 
1946 2 71 3°09 10°66 0°273 0°132 0-48 
1947 2 44 1°57 10°81 0°455 0-422 0:93 
1948 23 51 2°22 10°94 0°339 0190 0°56 
1949 21 82 312 10°79 0°429 0°309 0-72 
1940-1945 Average 3°75 0°404 0-380 0°94 
1944-1949 saa Average 2°47 ies 0°407 0°314 0°77 


* Number of offspring measured per dam, based on a standard 4-week hatching 
period. 
1940-49 were from dams mated in their first year of life. As it may 
be seen from table 3 omission of the remaining 163 measured birds 
does not materially affect the trend of selection progress. Accordingly 
all of the computations referred to in table 3 were confined to 770 bird:. 


* This value was computed for us by Mr Fred T. Schultz by pooling data from half- 
sister correlations for the years 1942-1949, involving measurements on 2983 birds. Mr Schultz 
also found that maternal effects account for 6-7 per cent. of the total variation, confirming 
the conclusions formulated by Hazel and Lamoreux (1947) and Lerner and Cruden (1951), 
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The first mechanism suggested lies in the lowered reproductive 
rate (as measured by the number of offspring reaching maturity) of 
parents with genotypes for longer shanks. It is quite apparent from 
the index of fitness in table 3 that this possibility exists, since the average 
number of offspring per dam has dropped from 3-75 in the period of 
gains to 2-47 in the period of the plateau. The question, however, 
is whether the elimination of offspring was differential or independent 
of the genotypes of the selected parents. We can attack this problem 
first on the phenotypic level, since the answer for the female parents 
at least does not present a difficult problem. If we consider the 
birds selected as parents of the next generation in any year we can 
readily compute the expected selection differential by subtracting from 
their average shank length the average of their own generation. 
If we weight the shank lengths of these females by the number of 
. their offspring which survived until the time of measurement, the 
weighted average obtained would represent the realised selection 
differential. The ratio of the realised to the expected selection differential 
provides a measure of association between fitness and shank length. 
Tf it is less than unity, it means that among the selected birds those 
with longer shanks produce, on the average, less offspring than those 
with shorter shanks. This would provide a strong indication that 
natural selection for fitness does indeed operate in the opposite 
direction from artificial selection for longer shanks. 

It may be seen that the selection pressure attempted, although 
variable from year to year, did not change much, if at all, between 
the period in which gains were realised and the one in which no 
further progress was obtained. On the other hand, the realised 
selection differential showed a considerable drop. The ratio between 
the two was 0°94 for the period ending 1945, and only 0-77 for the 
last six years. Although the gain realised in any year does not always 
reflect the variation in this ratio, it seems quite clear that by and large 
selection for fitness of dams has been in the opposite direction to 
selection for shank length, only mildly opposing it at first and fairly 
severely later. 

It may be of interest to determine at what stage of the reproductive 
cycle the differential elimination of the offspring of the relatively 
longer shanked dams occurs. This can be readily done by computing 
the selection differentials realised at each of the successive stages. 
Thus the identical procedure used for computing the selection 
differential realised at the time of measurement can be applied to 
selection differentials at the time of incubation (based on the number 
of eggs laid by the dams), at the time of determination of fertility 
(based on the number of fertile eggs), and at hatching time (based 
on the number of chicks obtained). The results are summarised in 
the following table. 

It may thus be seen, that differences in hatching power are the 
ones primarily responsible for the variation in the reproductive rate 


SELECTION IN POULTRY 81 


of dams having different shank length. Variation in egg production, 
fertility of eggs, and post-hatching mortality is not involved in the 
first period, although both egg production and chick survival differences 
contribute to the drop in the realised selection differential in the 
second, 

Selection differentials 


Based on 
Based on Based on 
Period Expected eggs set fertile eggs ee Realised 
1940-45 0°404 0408 0-410 0-385 0-380 
1944-49 0°407 0-382 0-382 0°337 0°314 


The computations made so far strongly suggest that a polygenic 
balance of some sort may be in operation. It must, however, be 
realised that the negative correlation between shank length and 
reproductive fitness deduced to exist is on a phenotypic level. The 
attrition in the genotypic selection differential may be even greater 
than the ratio of 0-77 in table 2 indicates. To check this possibility 
computations were carried out for the expected and the realised 
selection differentials of family averages (including the dams) in a 
manner exactly similar to that described above for individual measure- 
ments. Family averages should provide somewhat better estimates 
of the genotypes of the dams than do their phenotypes. Indeed, the 
realised selection differential in the second period computed on this 
basis is an even smaller fraction of the expected selection differential. 
This is shown in the following table and suggests that the negative 
correlation between number of offspring and shank length may be 
greater along the genotypic than along the environmental pathway. 


Expected selection Realised selection 
Period differential, cm. differential, cm. Ratio 
1941-45 0°137 0°134 0-98 
1944-49 0°155 O*105 068 


THE ATTRITION OF SELECTION PRESSURE 


The observed decrease in the phenotypic selection differential 
should lead to a greater reduction in gain if the correlation is entirely 
genetic than if it is due in part to an environmental component of 
like sign. It is possible to demonstrate, as shown in the appendix, 
that, on the extreme assumption of an entirely genetic correlation 
and on the basis of certain simplifying postulates (such as that all 
genetic variance is additive), the form of adverse natural selection 
being discussed would reduce the genotypes of offspring from their 
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expected values by 0-03 cm. per generation in the early and by 
o-11 cm. in the late periods of selection. Thus the additional loss 
in the second period as compared to the first would be about 0:11-0:03, 
or 0:08 cm. The assumptions underlying this estimate, which is 
nearly half of the gain per generation (0-188 cm.) attained in the 
early period, are likely to err in a direction leading to the attribu- 
tion of too great an influence to differential fecundity, but bias in 
the reverse direction is not precluded. It may perhaps be agreed 
that the lower fecundity of dams with genotypes for higher shank 
length definitely results in some reduction in gains, that not improbably 
the reduction due to this cause may be nearly half the rate of gain 
achieved in the early period of selection, and that a still greater effect, 
though rather unlikely, is not disproved by the data. 

In addition to the adverse natural selection between families due 
to larger dams having fewer offspring, there would also be some 
selection within families if the decrease in number of measured offspring 
per dam in the plateau period of selection, as compared to the early 
period, is due in part to the elimination within each family of genotypes 
for longer shank length. The intensity of this selection depends on 
unknown factors, such as the degree of possible negative correlation 
between genotype for hatchability and genotype for shank length. 
The following calculations based on postulates, very unfavourable 
for attaining gains, show that the within-families natural selection 
probably accounts for only a small portion of the decrease in rate 
of gain under artificial selection. The number of pullets per 100 
fertile eggs set has been found to be 18-8 in the plateau period as 
compared to 24.°3 in the early period, a drop of 22-6 percent. Elimina- 
tion of the 22-6 per cent. of the highest individuals in a normal 
distribution lowers the mean by 0-3885 standard deviations. However, 
it is extremely unlikely that the elimination is confined to the highest 
genotypes only, because the heritability of hatchability must be 
considerably lower than unity, as must also be the genetic correlation 
between hatchability and shank length. The value 0:5 is an over- 
estimate of the product of the square root of the heritability and genetic 
correlation so that the decrease in genotype for shank length is almost 
certainly less than 0-5 x0-3885 or 0-1943 standard deviations. This 
figure does not take into account the finite size of the families, which 
further decreases the shift in mean due to elimination of better 
genotypes. The genetic variance within families may be taken as 
approximately equal to one half the total genetic variance or (from 
table 2) as 0:062/2 = 0-031; the genetic standard deviation is the 
square root of this or 0-176, Multiplying the latter figure by 0-1943 
yields 0-034, which is less than a fifth of the gain per year achieved 
during the early years of selection. This component of natural selection 
for short shanks might then account for as much as, although probably 
less than, a fifth of the observed decrease in rate of gain. 

It may be next argued that differential fertility of the males (on 
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which measurements were not made largely because only a small 
percentage are normally raised to maturity) is responsible for a further 
reduction in the expected selection differential. This possibility can 
be disposed of by computations analogous to those made for the 
females, except for the fact that only family selection differentials 
can be utilised (the males selected as first-time sires being chosen on 
the basis of the average phenotypes of their sisters). The expected 
and realised selection differentials and their ratios for the periods 
1941-44 and 1943-49 (there being only one male in 1940 not previously 
mated) are as follows :— 


Per cent. of all 
Expected, Realised Realised : 
Period cm. cm. expected 
1941-45 0°82 0°242 0:246 1-02 
1944-49 0-77 0°217 I-10 


The situation differs from that of the female parents in that the 
ratio of the realised to the expected selection differential in both 
periods exceeded unity, and in that the ratio shows a slight increase 
in the later period. In other words, while attrition of selection 
pressure applied on the maternal side can be demonstrated to have 
occurred, the paternal side seems to be free from this effect. This is 
also borne out indirectly by analyses of variance of the number of 
offspring (relative to the average in any given year) measured per 
dam. It may be seen from the following table that it is the dam 
rather than the sire that is mainly responsible for the negative correla- 
tion between genotype for shank length and the number of offspring, 
since the variance compc at due to differences between sires is 
in each of the periods analysed less than a twentieth of that due to 
the differences between dams, and not significant in terms of the 
latter. 


Destod Source of Degrees of Mean Variance 
variance freedom square component 
1940-45 Dams_. III 0-850 0-850 
Sires 12 1*147 0-041 
Total . 123 0-879 0-891 
1944-49 Dams. 11g 1-212 
Sires ‘ 14 1-083 —o-019 
Total . 133 1-198 1°193 


It may thus be seen that with respect to shank length, where a 
plateau has been reached before genetic variability was exhausted, 
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we have evidence that genetic homeostasis is mediated at least in 
part by natural selection operating on the reproductive fitness 
(hatchability and to some extent egg production and chick viability) 
of the dams chosen. Should this process and the possible intra-family 
offspring elimination be insufficient to account for cessation of 
progress—and their estimated magnitudes suggest that they are not 
likely to account for much more than half of the reduction in the 
rate of gain—non-additive gene action must be postulated. 

This can take a number of different forms. For instance, if 
dominance of genes for long shanks is involved, it is possible that 
the frequency of the recessives has been reduced to such an extent 
that dominance deviations began to contribute significantly to non- 
additive genetic variance (in relative if not in absolute terms of 
magnitude). While there is no evidence for dominance in the crosses 
_ between the selected and the control lines reported by Lerner (1943), 
this possibility cannot be entirely dismissed. 

Another type of non-additiveness may be found if overdominance 
exists, or, in other words, if selection has been directed towards 
heterozygotes. When sufficient data are available, this possibility 
can be checked by the technique suggested by Lerner (1950) of com- 
paring the phenotypic variation of daughters of long and short- 
shanked dams mated to the same sire. 

Finally, some form of epistasis may be present. The data at hand 
are inadequate to answer the question of non-additive gene action, 
but experiments involving relaxation of selection, further crosses 
between lines, and diallel matings are being initiated for this purpose. 


SELECTION FOR EGG PRODUCTION 


We may next turn to the second of the experiments available for 
this study, that on the selection for a high hen-housed average egg 
production (production index). The details of this project have 
been elaborated in several previous publications, all of the pertinent 
details having been summarised by Lerner (1950). Table 4 gives 
the size of the population and the production index for each year. 
The latter is an average measure of egg production based on the 
total performance of an unculled group of pullets from the beginning 
of lay through goth September of their second year of life. For 
reasons discussed in the section of this paper dealing with the shank- 
length selection experiment, the present study of selection differentials 
is confined to dams mated for the first time. Since within the period 
reported upon here, these in an overwhelming majority were two 
years old, the population studied has been restricted to dams of this 
age. Thus the performance of offspring reported in table 4 vasa to 
birds hatched two years later than their dams. 

Some of the columns in table 4 may require further comment. 
The production index of the selected dams (column 5) is, of course, 
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equivalent to the “ survivors’ production”, since only birds living 
through the first laying year were available for selection in the second 
laying year. Since the primary criterion of selection was the family 
average, the production indexes of families selected are given in 
column 6, The number of female offspring in the next generation 
from the number of dams specified in column 4 is given in column 7, 
and the percentage that they form of the total number in the flock 
of their particular generation is shown in column 8. Finally columns 9 
and 10 show the comparison between the production indexes of the 
group of offspring from 2-year-old dams and of the total population. 
It may be noted here in passing that the weighted average production 
index of the offspring of dams mated for the first time exceeds that of 
all other dams by approximately 4 eggs. The direction of this 
difference runs counter to the indications previously obtained from a 
restricted sample by Lerner and Hazel (1947), but tends to support 
the ideas advanced by Dempster and Lerner (1947) regarding the 
limited contribution progeny testing has made to the advances in 
egg production obtained in this flock. 

It is impossible to say with certainty whether the flock has reached 
a plateau with respect to the production index. The inter-year 
variation appears to be so great as to preclude the possibility of 
establishing this point. It seems reasonably clear, however, that the 
rate of advance has tended to decline. Thus, the regression o* gain 
on year in the period 1933-42 has been found to be 6-00 eggs, while 
that for the period 1939-48, only 2-95 eggs.* The question then 
still may be brought up whether the balance between artificial 
selection in one direction and natural selection in the other has played 
any role in the attenuation of the rate of gain. 

It may first be noted without entering any details that unpublished 
data of Lerner and Cruden indicate no exhaustion of genetic variability 
in the production index (as judged from intra-year heritability 
estimates). The situation thus parallels that found in the shank- 
length selection experiment. 

The reduction in selection pressure has similarly been found to. 
be moderately small in extent. The figures appearing at the bottom 
of table 5 indicate that the average selection differential from 1934-42 
(or 1932-40 if indicated by the year of hatch of the dams rather than 
of the offspring) was 99-7 eggs on the individual, and 39-0 on the 
family basis. For the later period (1940-48), the comparable figures 
were 82-9 and 35°6 eggs respectively. This reduction obviously 
cannot account for a 50 per cent. drop in the annual rate of gain. 
on any hypothesis of exclusively additive gene action. 

The computations leading to the answer to the question posed. 


* Lerner and Hazel (1947) gave the regression for the period of 1933-44 as 5°37 eggs- 
The error for 1943 noted in the footnote to table 4 calls for a revision of their figure to 
5°15 eggs, which, of course, in no way affects either their or subsequent conclusions by 
Dempster and Lerner (1947) and Lerner (1950). 
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regarding the possible role of polygenic or other form of balance for 
egg production are analogous to those carried out for shank length. 
However, instead of the ratio between the realised and the expected 
selection differentials, it is more illuminating to compute the difference 
between them. As shown in table 5 the birds with higher egg 


TABLE 5 
Selection differentials for egg production 


Realised minus expected Realised 
Sa Realised individual selection Realised minus 
tessa individual differential family expected 
selection selection family 
differential differential selection 
Total Within sires differential 
1932 126-9 33°1 —43 
1933 126°1 49°5 
1934 3 3 2:0 
193 2 —03 
193 93°5 39°4 33 
193 “335 —2°9 30°2 = 
1939 99°4 52°4 
1940 92°4 2 
1941 77:0 39°9 
1942 73'5 20°5 
1943 79°2 1*4 06 28-4 2-7 
1944 1°3 2°3 23°3 
1945 80-4 0-3 31 33°9 
1946 79°4 1:0 16 24°1 —o'2 
1932-1940 * "7 0°22 O13 39°0 —0°37 
1938-1946 * 2°9 0°66 1°27 35°6 0°31 
| 


* Weighted according to number of offspring. 


production actually produced somewhat more female offspring 
entering laying pens, since the realised selection differential exceeded 
the expected one by 0-22 eggs in the first, and by 0-66 eggs in the 
second period considered. Elimination of the possible effects of the 
sires on these figures, by computing the selection differentials within 
sires, leaves this conclusion unchanged, the excess of the realised over 
the expected selection differential being 0-13 and 1-27 eggs for the 
two respective periods. 

Similar considerations of the family selection differentials confirms 
the lack of any balance mechanism. Undoubtedly, neither the 
figure of —o0-37 eggs for the first period nor that of 0-31 eggs for the 
second for the differences between the realised and the expected 
differentials deviate significantly from zero. Furthermore, the change 
in the direction of the difference is opposite to the one expected should 
the balance mechanism have been involved in the reduction of 
obtained gains. 

There seems to be but little doubt then that, in the case of selection 
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for egg production, attrition of artificial selection pressure by natural. 
selection for fitness has not played any significant role in this flock. 
up to this time. It seems premature at this stage to enter speculations. 
regarding the possible role of non-additive gene action in limiting 
the rate of genetic progress in the production index. 

Before proceeding with a general discussion, comparable figures for: 
two other economically important characters may be given. The 
traits considered are egg weight and sexual maturity, and from the 
data given in table 6 it should be apparent that once more there is. 


TABLE 6 
Selection differentials for egg weight and sexual maturity 
March egg weight Days to sexual maturity 
Realised minus Realised minus 
seed expected selection expected selection 
Ps el Mean of differential Mean of differential 
; ams, gms. ams days 
Total Within Within 
sires Total sires 
1932 56-3 188-7 13 
1934 57° —03 181-8 —2'5 —2°7 
193. 56-9 —o'l 00 175°3 orl 
193 56-1 orl 00 I 3°6 2°7 
1937 57°6 0-3 I 0-3 09 
1938 57°5 0-2 166-9 —3°3 —3°2 
1939 57°7 —o8 170°4 
1940 58-2 —o'6 168-4 13 QI 
1942 55°7 —0'3 —0'2 162-2 
1943 57° 0-0 177°9 —o'l —o-6 
1944 55° —0'2 173°2 0°2 
194 56°5 orl 03 157°8 
194! 55°3 168-2 —o'8 
1932-1946 * —O'17 0:26 Orr 


* Weighted according to number of offspring. 


no evidence that the balance between each of the traits and fitness 
plays a major role. It is, however, possible that here the balance 
may exist between these traits and egg production. Thus the selection 
pressure applied to the flock was primarily based on the number of 
eggs and viability. If birds laying too small or too large eggs do not 
lay or live as well as those with an intermediate size, the artificial 
selection pressure for egg weight may not have been unidirectionally 
applied and on the average was close to zero. The case of sexual 
maturity may fall in the same category, especially in view of the 
non-linear correlation between it and egg number observed by Knox 
(1930). 
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GENERAL CONSIDERATIONS AND SUMMARY 


It is an attractive hypothesis, and one that has met with a degree 
of success, that the construction of efficient selection indexes and the 
rough estimation of the rates of improvement to be achieved by 
selection of measurable characters of economic im »ortance in domestic 
animals can be based on the postulates that the genetic variance is 
in large part additive in nature, and that such non-additive genetic 
variance as may exist has the same significance with respect to gains 
from selection as environmental variations from individual to 
individual. Although this simple model may be adequate in the 
early stages of a selection programme, it is certainly conceivable 
that the genetic and environmental relationships could become more 
complicated after sufficiently prolonged selection. Some theoretical 
possibilities are that the additive variance will approach exhaustion, 
that non-additive variation may increase to some extent, that it. 
may no longer be neutral in its effects but may necessitate a positive 
selection intensity to prevent retrogression, and that negative correla- 
tions may appear between genotypes for the selected characters 
including components of fitness which, by definition, are subject to 
natural selection. All these possible hindrances may be studied on 
the genetic level in terms of variation and correlation; in some 
cases no doubt they may be effectively approached in terms of 
physiological limits and incompatibilities. Certainly, many attacks 
from many different standpoints will be required for a general under- 
standing of the problems raised. The present paper attempts an 
analysis of some of the factors that may lead to a lowered response to 
selection in two poultry experiments of many years’ duration. 

It is shown above that selection for long shanks in a small population 
of White Leghorns over a span of eleven years (equivalent to eleven 
generations as far as the pullet and cockerel selections are concerned) 
led to a considerable increase in shank length during the first half 
and apparent cessation of gains during the latter half of the period. 
During this time there was no net decrease of phenotypic variability 
of shank length, nor are the estimates of heritability and of genetic 
variance, based on half and full sib correlations, any lower during 
the last half of the experiment than during the early period. Two 
possible reasons for the cessation of gains suggest themselves, namely, 
a change in the nature of the genetic variance and a counteracting 
tendency of natural selection. It is planned to test the first of these 
possibilities, which cannot be adequately evaluated from present 
data, in future experiments. The second possibility has been shown 
to exist to some degree. The data and the computations indicate 
that nearly one-half of the rate of gain achieved in the first period of 
selection may be counteracted in the second period by a negative 
correlation between genotypes of the dams for shank length and 
hatchability of their eggs, and that selective elimination among the 
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offspring of individual dams might lead to some further reduction 
which, however, is probably considerably less than one-fifth of the 
early rate of gain. Some of the postulates on which the calculations 
are based may correspond only in a rough way with the actual 
situation. For example, it is unlikely that the regression of genotype 
for shank length on number of offspring of dams is strictly linear ; 
it is entirely possible that the highest genotypes for shank length 
produce very few offspring and that the average and lower genotypes 
found among the dams produce approximately equal numbers. A 
non-linearity of this general type could result in greater attrition of 
gains than is indicated on the basis of the postulates adopted for 
computation. Due to uncertainties of this type, as well as to sampling 
errors, it cannot be positively affirmed that natural selection for 
shorter shanks does not account in toto for the cessation of gains ; on 


. the other hand, the data show with a high degree of probability that 


adverse natural selection is at least in part responsible. It is reasonable 
to suppose that the negative correlation between genotypes for fitness 
and for shank length has been caused by the prolonged selection for 
both, a possibility that has been predicted from theoretical considera- 
tions by a number of authors (see, for example, Lerner, 1950), and 
shown to occur to a high degree in the long-term selection experiments 
with Drosophila by Mather and Harrison (1949). 

The selection for production index has continued for a longer 
period of time, although the number of generations involved is not 
necessarily different from that of the shank length experiment, largely 
because pullet selection was not used in the former. The size of the 
production flock is much greater and the inbreeding has been less as 
has also been the intensity of genetic selection due to the much lower 
heritability of production index as compared to shank length. In 
some ways, therefore, the production index experiment, may be 
considered to be in a somewhat earlier stage than the shank length 
experiment, although the possible physiological limit of an egg a day 
is approached by some birds, whereas no obvious physiological limit 
to shank length is as yet apparent. Although there are some indications 
that the rate of increase in production index in the later years was 
less than in the early years (or possibly gain has ceased entirely), 
the magnitude of the inter-seasonal variation precludes a definite 
judgment on this point. On the other hand, the dams with a high 
production index have as many offspring as (in fact, slightly more 
than) dams with a lower production index ; such change in this 
respect as the data indicate, although probably statistically insignificant, 
is in the direction of an increased positive correlation between genotypes 
for production index and fitness. The notable difference between the 
two experiments in correlation between fitness and the character 
selected for may be due, in part at least, to the fact that production 
index includes one aspect of fitness, so that the component that these 
two characters have in common would favour a positive correlation 


SELECTION IN POULTRY gr 


between them. In addition, there has been some direct selection for 
number of offspring produced by a dam. However, neither the 
common component of fitness and production index, nor the direct 
selection for number of offspring, could preclude a decrease in correlation 
on continued selection. A priori it would be expected that some 
negative correlation should have been induced between production 
index and some aspect of fitness that does not directly enter into the 
production index, as, for example, the proportion of fertile eggs that 
hatch. It is planned to present an analysis of this relationship 
elsewhere. 


APPENDIX 
Calculated reduction in gain due to differential fecundity of dams 


As indicated in the text, the computations are based on the 
postulate that the correlation between shank length and number of 
offspring of dams is entirely along the genotypic pathway ; i.¢. that. 
the environmental variation, with genotype fixed, would not cause 
either a positive or negative correlation between these two variables. 
If such an environmentally caused correlation does in fact exist, our 
estimate of reduction in rate of gain will tend to be too high, except 
that if the environmental component were positive in sign and the 
genetic component negative, the bias would be reversed. 

In fig. 1, the ordinates represent phenotypes and the abscisse 
represent genotypes. Heritability is taken as 0-269, the estimate 
given in table 2 for the plateau period, and the environmental standard 
deviation is used as a convenient unit of measurement for both the 
phenotypic and genotypic scales. The straight line at 45° is the 
regression of phenotype for shank length on genotype for shank length, 
the mean phenotype being equal to the genotype by definition. The 
two ellipses are contours of equal density at one and two standard 
deviations, normality being assumed. 

Although some family selection has been utilised, the calculations 
are based on the postulate that the selection of pullets for parentage 
is based solely on individual shank length and that a certain proportion 
of the pullets of each generation is required for use as dams. This 
neglect of family selection leads to some overestimation of the inhibiting 
effects of the differential reproduction, but whatever error may be 
due to this necessary simplification is considerably reduced (although 
not completely eliminated) by taking, for purposes of calculation, 
not the actual proportion of pullets utilised as parents but the some- 
what larger proportion that would just account (on the assumption 
of normality) for the observed phenotypic differential in mass selection. 
Thus, for the plateau period of selection, the average unweighted 
phenotypic selection differential is 0-407 cm. or 0-8378 standard 
deviations. The tail of a unit normal distribution whose mean is 
equal to this value has an area of 0-4753. This proportion of the 
population (consisting of birds having the longest shanks) is indicated 
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in the figure by the area above the horizontal dashed line. This 
area therefore represents pullets used as dams, and the area below 
the dashed line, pullets not so used. The regression of phenotype 
on genotype of this selected population is not quite linear and is shown 
by the curved line drawn through the circled points. The values of 
these points were computed to a close approximation by the following 
method. The normal distribution of genotypes was divided by ordinates 
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Fic. 1.—Regressions of phenotype on genotype for shank length. The regression for the 
whole population is the straight line at 45°. The regression for the group of pullets 
selected as dams (represented by the area above the dashed line) is the curved line 
through the small circles. For further details see text. 


into 20 equal areas, and the individuals in each area treated as 
though concentrated at the mean. These mean values were marked 
off on the horizontal genotype scale in the figure. Within each 
segment there is a normal distribution of phenotypes (indicated by 
the vertical scale) whose mean is the same as the genotypic mean of 
the segment, and whose standard deviation is the environmental 
standard deviation. Each of these distributions is truncated by the 
selection, the point of truncation being indicated by the dashed 
horizontal line mentioned before. It is a simple matter to compute 
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the mean phenotypes of the truncated distributions above the dashed 
line, and these means have been indicated on the diagram by the 
circles. The area of each distribution above the dashed line is also 
computed for weighting purposes in subsequent calculations. The 
weighted means of the phenotypes and genotypes of these points are 
0°9794 and 0-2628 as compared to 0-9799 and 0-2636 computed 
directly, indicating that the division into twenty segments will give 
an approximation of ample precision for purposes of rough estimation. 

The Symbol Gi is defined as the genotype and Pi as the phenotype 
for shank length characteristic of dams in segment 7 of the normal 
distribution, the genotypes and phenotypes being expressed as 
deviations from the unweighted means for all dams; n,; represents 
the relative number of offspring (i.e. the actual number of offspring 
divided by the mean number for all dams) characteristic of genotype 
Gi; and the regression, which we postulate to be linear, of ng; on 
genotype for shank length is represented by the symbol 4. Then 
Nc; = 1—b Gi, and the mean weighted phenotype (i.e. the difference 
between the expected and realised phenotypic selection differentials) 
is given by the following expressions, where M indicates mean value of : 


M[ng;Pi] = M[(1—b G,) Pi] = —M[b G; P;] 


The computation of values of Pi, indicated by the circles in the figure, 
has already been described. It is found that a regression of b = 1°81 
(in environmental standard deviation units) is required to account 
for the observed difference between expected and realised phenotypic 
selection differentials of 0-2239 in environmental standard deviation 
units (corresponding to 0-093 cm. as shown in table 3). This regression 
in turn yields a drop in weighted, as compared with unweighted, 
genotypes of dams of 0-5383 in environmental standard deviations, or 
0°224 in cm. 

Since, on the basis of the postulates given above, the regression of 
phenotype on genotype among the selected dams evidently does not 
deviate very greatly from linearity, the estimate just obtained may 
be compared with one easily computed on the assumption of linearity. 
The variance of the phenotypes of selected dams, considered as 
represented by the toe of a normal distribution having 47°53 per cent. 
of the total area, is 35-01 per cent. of the variance of the whole 
population, a reduction of 64-99 per cent. The corresponding 
reduction in genotypic variance is the product of 64-99 per cent. 
and the heritability (0-269) or 17-48 per cent., leaving a variance 
of 82-52 per cent. of that in the whole population. Since the regression 
of genotype on phenotype is not altered by direct selection of the 
latter (and since a correlation may be expressed in terms of regression 
as r,, = ,, (o,/0,)) the correlation in the selected population is 
reduced, as compared to that in the whole population, by the factor 
4/0°3501 /4/0-8252 and becomes this factor multiplied by the square 


root of the heritability (./o-269). The regression of phenotype on 
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genotype in the selected group may now be computed as the product 
of the correlation and the ratio of the standard deviations of the 
phenotype and genotype, which reduces to (0-3501) /(0°8252) or 0°4243. 
If therefore, the regression of number of offspring on genotype for 
shank length reduces the weighted mean phenotype of dams by 
0-93 cm., it must have reduced the weighted mean genotype by 
0°093/0°4243 or 0-219 cm. This is sufficiently close to the figure 
of 0-224 obtained by the more laborious process of dividing a normal 
distribution into segments of equal area. Applying the simpler 
procedure to the data of the early period during which gains were 
achieved, a figure of 0-059 is obtained. 

Since about half the gains may be expected to be achieved by 
selection of dams, and since, as shown in the main text, there is no 
evidence for differential reproduction of sires of different genotypic 
shank length, the reduction in the genotypes of offspring should 
be about half those computed for the genotypes of the dams. Thus 
the loss in gain due solely to the fact that the better dams have fewer 
offspring is 0-224/2 or o-11 cm. in the period of the plateau, and 
0°059/2 or 0-03 cm. in the period of gains. The difference between 
these two figures, 0-08 cm. then represents the amount of reduction 
in gain per generation attributable to the adverse effect of natural 
selection under the postulated conditions. 
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|. THE TYPES OF PROBLEM 


Tue number of distinct systems of blood-groups of which the serology 
and genetics are now understood has increased considerably in recent 
years. These differ greatly in complexity, chiefly owing to the 
varying numbers of antibodies available. When -we have only 
a single antibody as with Duffy (Fy), only two phenotypes are 
distinguishable ; without family evidence, the heterozygote is in- 
distinguishable from one of the homozygotes. There are, of course, 
six genetically distinguishable types of mating, but in the absence of 
offspring, or when the origin of possible offspring is in question, only 
three types of mating are phenotypically distinguishable. In the case 
of Kell (X) two antibodies are known antigenic to two allelomorphic 
genes, so that three genotypes can be distinguished, and the six possible 
matings among them. This was formerly the case with Landsteiner 
and Levine’s system MN, but more recently Sanger and Race have 
found a third antibody, anti-S, enabling four alleles, or gene combina- 
tions, to be recognised, and six phenotypic classes among the ten 
genotypes. ‘[here are thus 21 distinguishable classes among the 55 
different matings possible. Four antibodies may be claimed for the 
OAB system, and in the Rhesus system, the most complex so far 
elucidated, more than six distinct antibodies are known and the 
number of genotypes and matings, if very rare kinds are included, is 
very large indeed. 

Owing to the high reliability of diagnosis, these systems are all 
capable of aiding the solution of genetic problems, some of which are 
of occasional forensic importance. Four types of problem have from 
time to time been discussed, and the strength of the evidence which 
each system can supply varies greatly both according to the system 
used, and to the purpose for which it is required. The four problems 
I have in mind are as follows :— 


(a) Doubtful identity. 
How frequently will different persons (supposed unrelated) 
be of the same phenotype ? 
(b) Identical twins. 
How frequently will fraternal twins, children of the same 
father, be of the same phenotype ? 
95 


Since this paper was written, the author has been informed on the highest authority that 
the fourth antibody, anti-S, has now been discovered. 20th April 1951. 
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(c) Doubtful parentage. 

If an infant is interchanged with another in a maternity 
hospital, how frequently will the supposed child be of a 
phenotype compatible with those of its supposed parents ? 

(d) Disputed paternity. 

How frequently will the child of another man be compatible 

with falsely accepted paternity ? 


For any one blood-group system, and indeed for given phenotypes 
within each system, the four questions will have different answers. 
In a court of law it is just such particular circumstances that have 
to be brought into the calculation. We may, however, also wish 
to assess the power of the system as a whole, or in other words to 
calculate the proportion of all cases that present themselves, in which 
testing the parties for a given blood-group system, will fail to make 
a discrimination. 

Since each such test will in practice be applied simultaneously 
with other tests, and since each test can turn the balance only when 
the others fail, it is necessary to measure the relative values of different 
systems, or of applications to different problems, not by the probability 
itself of failure to discriminate, but, if this is represented by P, by 


—log P = log (1/P), 


which will then be additive when different but independent tests are 
applied together. The smaller P is the more successful in the 
discrimination, and the larger is the logarithm by which its power 
is appropriately measured. We shall use natural logarithms in all 
such transformations. 


2. THE MNS SYSTEM 


An example which illustrates the main points which arise in 
other cases is provided by the system of M, NW and S, in which three 
antibodies are at present available, while a fourth, anti-s may be 
found at any time. 

The frequencies of the four postulated gene combinations are 
given by Race and Sanger as follows, for British samples 


MS  24°71722 per cent. 
Ms 28-31308 
NS 8-02080 
Ns 38-94890 


These combinations are inherited apparently as a set of four 
allelomorphs, at a single locus; at least recombination has not so 
far been observed, and the wide departure from proportionality seen 
above, itself shows that recombination is either absent, or extremely 
rare. From these frequencies the frequencies of the ten possible 
genotypes are calculated by finding the four squares for homozygotes, 
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and the six products, doubled, for heterozygotes. These are divisible 
into six phenotypes by the use of the three antibodies M, WV and S, 
and would be divided into nine phenotypes if all four antibodies were 
available, as shown in the following table. 


TABLE 1 
Genotypes and phenotypes of the system MNS 
Phenotypes 
Genotypes Frequencies per cent. 
with anti-s without anti-s 
MS/MS MS : 
MS/Ms 19-004 MSs MS —_20°1058 
Ms/Ms 0163 Ms 0163 Ms 8-0163 
MSINE 3°9650 MNS 3 76 
fs 19°2542 27°7611 
Ms|NS 4°5419 MNSs  23°7961 
220553 220553 MNs  22°0553 
0°0433 0°0433 
NS|Ns 6-2480 NSs NS 68913 
Ns|Ns 15*1'702 Ns 15*1702 Ns 15°1702 
100-0000 100-0000 100:0000 


Problems of identity may be solved using these values only, for 
the frequencies of the different matings and of the phenotypes of 
children from them are not involved. For example, if an individual 
has been found to be of type MS using only three antibodies, the 
probability of a blood sample from a different individual agreeing 
with his is 0:201058, while if there were still agreement using four 
antibodies the probability of a coincidence is reduced to 0-061094. 
In general, however, since the phenotype of the known subject may 
be frequent or rare in proportion to these same frequencies, the 
probability of failing to distinguish two different blood samples (using 
this blood-group system) is the sum of the squares of the phenotypic 
frequencies, giving the values shown in table 2. 


TABLE 2 
Values of MNS system, with 3 or 4 antibodies, for determining identity 
3 antibodies 4 antibodies 
Probability of non-discrimination 0*200324 0°163548 
Power log (1/P) : 1-60783 1-81066 


The fourth antibody will, if and when available, increase the 
power of the system by 12°6 per cent. The power of the system 
G 
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employed is, as has been explained, additional to the power of any 
other independent system used in making the same test. 


3. IDENTITY OF TWINS 


In principle the test of identity of twins is the same as that for 
individual identity ; in this case, however, the two samples tested 
are known to be from full sibs, so that the sums of squares may be 
calculated without knowledge of the population frequencies. Thus 
in different cases we have 


Ratio Sums of Squares 


rir 
git (9)? = 
= 


4(4)? = 


Coloo Color Nie 


If the genotypes of the parents are known, we may use the actual 
fraction appropriate to the particular phenotype observed in the 
children. For example, from the mating 


MS/Ms = NS/Ns 


three-quarters of the offspring will be of phenotype MWS, if tested 
with three antibodies. If both children are of this phenotype we 
should take this value, #, to be the probability of agreement in type 
supposing the children are not identical. 

In general, as with other tests involving hereditary transmission, 
it is necessary to consider the results of all different types of mating, 
and their frequencies. This is conveniently done by making a 
symmetrical table, with rows for the genotype of the wife, and 
columns for that of the husband. The frequency of each mating 
type is the product of the frequencies of the parental genotypes, 
since all matings between unlike genotypes appear twice in sym- 
metrical situations. 

Multiplying the percentages in any row by the frequencies of the 
corresponding paternal genotype, we obtain average percentages 
for each genotype of the mother (page 100). 

Averaging these again, to include all types of mother, by multiplying 
by the frequencies of the maternal genotype, we find the proportion 
of all cases in which discrimination fails as 48-2915 per cent., or 


0°482915 
log (1/P) 0°72792 


| 
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If table 3 is reconstructed to show the increased discrimination 


which would follow from the use of anti-s, we find :— 


P 0°442769 
log (1 /P) 0°81471 


an increase in power of 11-9 per cent. ascribable to anti-s. 


TABLE 4 

Genotype Frequency of Percen of 

of mother genotype chi 
MS/MS 75°0918 
MS/Ms I $9064 
Ms/Ms 0163 4.°9696 
MS/NS 39650 43°7730 
MS/Ns 19°2542 37°91 78 
Ms/NS 4°5419 36-0787 
NSINS 220553 % 737 

0°0433 5091 

NS/Ns 7°4.186 
Ns|Ns 15°1702 


It has been remarked that when the genotypes of the parents are 
known, the probability appropriate to the particular case observed 
may be obtained at once. If, however, we have only the observation 
on the children, giving their phenotype, the probability of an accidental 
coincidence will not be the same for all phenotypes. To calculate 
the appropriate value we must combine all mating types capable of 
producing the phenotype observed in proportion to their probability 
of doing so. For example, if, using three antibodies we find the 
phenotype MMS, this must be of genotype MS/Ms or MS/MS. The 
latter may arise from 16 possible matings, and the former from 16 with 
their 16 reciprocals. The frequencies of these matings may as before 
be obtained by multiplying the frequencies of the genotypes of their 
partners. Table 5 illustrates the computational procedure for the 
chosen example. 


TABLE 5 
Source of gamete MS Source of gamete Ms 
Source 
gamete 
MS/MS | MS/Ms| MS/NS| MS/Ns| MS/Ms | Ms/Ms | Ms/NS| Ms/Ns carded 
Genotype |Frequency| 6-1094 | 69982 | 1-9825 | 9-6271 | 13:9964 | 16-0326 | 4°5419 | 22°0553 
t MS/MS | 6:1 100 100 50 50 100 100 50 50 pote 
MS/Ms | 6-g9982 100 75 50 50 75 50 25 25 | 42°375 
MS/NS | 1-9825 50 50 25 25 50 50 25 25 | 311200 
MS/Ns | 9°6271 50 50 25 25 50 50 25 25 | 31'1200 
10°3811 
51°6323 


per cent. 
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It will be noticed in the columns of genotypes capable of producing 
MS that three have been halved since from these only half the gametes 
are MS; those supplying Ms, moreover, have been treated in the 
same way, save that all have then been doubled to allow for the fact 
that in the matings in which they are involved Ms may be obtained 
from either parent. The entries in the body of the table are the 
fractions of the offspring of the phenotype MMS. The right-hand 
column shows the sums of products with the frequencies at the column 
heads, these in turn are multiplied by the frequencies to the left, added 
and divided by the general phenotype frequency 20-1058 per cent. 
The final value for the probability of a coincidence, 0-516323, shows 
that the phenotype MMS is a trifle less evidential than the average. 
The six phenotypes distinguishable with these antibodies, calculated 
in this way, give approximately 


MS MNS 0:5066 NS 074138 
Ms 0°4116 MNs 0°4734 0°4795 


4. INTERCHANGE AND PATERNITY 


For cases of suspected interchange, where the child in question, 
if not that of his supposed parents, is presumed to be a child both 
of a different father and a different mother, we make up a table of 
all possible matings according to the distinguishable phenotypes of 
the father and mother, and enter in each cell the sum of the frequencies 
of all phenotypes which such a mating could produce. Thus in table 6 
we have a 6 x6 table of the matings which the use of three sera can 
distinguish ; for parentage is excluded if the child does not belong to 
one of these phenotypes. Apart from this, which phenotype it belongs 
to is a matter of indifference. 

TABLE 6 


Total frequencies of phenotypes arising from different matings 


Frequency of mother 


Phenotype of father 
Pheno 


MS Ms MNS MNs NS Ns 


22°0553 MNs 77°9385 | 30°071 


20°1058 MS 28-1221 | 28°1221 | 7779385 77°9385 49°8164 | 49°8164 | 57-7245 | 74°0642 

8-0163 Ms 28-1221 | 8-0163} 77:9385| 30°071 

27°7611 MNS | 77°9385 77°9385 100-0000 | 100-0000 | 71-8779 | 71°8779 | 87-5917 | 875917 
100:0000 | 45'2418 | 71-8779 | 37°2255 | 66-4206 | 66-4206 

68913 NS 49°8164 | 49°8164.| 71°8779| 71-8779 | 22-0615 | 22-0615 | 54-6835 | 76-0783 

15°1702 Ns 49°8164 | 22°0553 | 71°8779| 37°2255 | 22-0615 | 15-1702 | 43-7700 | 60-8949 


It will be noticed that the different matings supply evidence of 
very different strength, and that in 3 cases out of 36 (or 2 out of 21, 
if complementary matings are counted as one) there is no evidence 
whatever. Multiplying each column by the paternal frequency and 

G2 


49°8164 | 22-0553 | 41°3446 | 53°0477 


| 
| | 
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adding, we have the first column on the right, and these values 
multiplied by the maternal frequencies give the general average, of 
64°2944 per cent., being the frequency of failure to detect an inter- 
change, using three antibodies only. 

Had the question been one of paternity only, the values in table 6 
should be divided by the sum of the frequencies of the phenotypes 
which might have been born to the mother without restriction of 
paternity. These happen to be the values in the third column 
(headed MNS). The second column on the right shows the percentages 
of wrongly ascribed paternity (for each maternal phenotype) which 
would not be disproved by the MNS system using three antibodies. 
The average for all maternal phenotypes is 72-5900, showing only 
a little more than one-quarter successful disproofs. Using four 
antibodies, on the other hand, the percentage of failures is reduced 

to 54°3501 for interchange, and 66-8560 for paternity. 
We may now compare the power of the system with three antibodies 
with that in which four antibodies were available, for the four purposes 
which have been discussed. 


Powers of the tests for different purposes 


3 antibodies 4 antibodies Percentage 
increase 
Identity 1:60783 1°81066 12°6 
Identity of twins . 0°72792 0°81471 
Interchange . ‘ : 0°44170 3 38-0 
Paternity . 0°32035 0°40263 25°7 


The order of difficulty of the four types of discrimination discussed 
is generally the same for all blood-group systems, but this general 
similarity is compatible with a considerable disproportion of power, 
as is well illustrated by the comparisons above between the same 
system with three and with four antibodies. The increase in power 
which a fourth antibody would give is strikingly large both for 
interchange and for paternity problems, though only moderate for 
individual identity, and identity of twins. 


5. SUMMARY 


Four types of genetic or forensic problem, for which blood group 
evidence is of value, are distinguished ; and standard calculations 
appropriate to each are exhibited, using, in each case, the factor 
MNS as developed by Sanger and Race. 
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Tue discovery of a new human blood group system, called Duffy, was 
briefly reported by Cutbush, Mollison and Parkin (1950) ; a fuller 
account was given by Cutbush and Mollison in the last number of 
this journal. 

The antibody which enabled the new blood group antigen to be 
recognised was found in the serum of a man suffering from hemophilia 
who had had several blood transfusions during the previous 20 years. 
Cutbush and Mollison found the antigen to be present in 649 per cent. 
of 205 blood samples from unrelated English adults. It was demon- 
strated that the antigen was not any of those previously recognised, 
and enough blood samples were further tested for the ABO and Rh 
groups to show that the distribution of the new antigen was independent 
of these groups. 

Tests on 27 families with 36 children showed that the antigen was 
inherited by means of a gene expressing itself in single and double dose. 

The form of notation designed for the Lutheran and Lewis groups 
(Andresen et al., 1949) was adopted for the new system. 


System Duffy 

Genes Fy* and Fy? 

Genotypes Fy*Fy*, Fy*Fy® and Fy’Fy’ 
Phenotypes Fy(a+) and Fy(a—) 
Antibody _anti-Fy* 


The system is called Duffy by permission of the patient of that name 
in whose serum the antibody was found. The gene giving rise to the 
recognisable antigen is called Fy* and its allelomorph, which is at 
present only recognisable in a negative way, is called Fy. 

The identification of other examples of anti-Fy* followed quickly 
on the finding of the Duffy serum. Ikin, Mourant and Plaut (1950) 
found the antibody in the serum of a man (J. S.) suffering from a 
peptic ulcer who had had a reaction to his third transfusion. Van 
Loghem and Hart (1950) found the antibody in the serum of a man 
(Pluym) suffering from hemophilia who had received more than 
30 blood transfusions. Rosenfield, Vogel and Race (1950) found the 
antibody in the serum of a man (Rom.) suffering from a benign 
prostatic tumour and who had had a hemolytic reaction to his first 
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transfusion. Allen (pers. com.) found the antibody in the serum 
of a woman (And.) who had suffered two transfusion reactions 
because of it. 

In all these cases the antibody is in the incomplete form. The 
interaction of antibody and antigen is made apparent only by the 
indirect anti-globulin test and not by the albumin nor by the trypsin 
methods ; in this the antibody differs from incomplete anti-Rh. 


ORIGINAL WORK 


The work to be described was done for the following reasons :— 


(1) To provide further figures which could be added to those of 
Cutbush and Mollison for the calculation of gene frequencies : 
(2) To establish that no serological relationships existed between 


._ the Duffy antigens and any of the other blood group antigens, relation- 


ships such as that known to exist between the MN and S antigens : 

(3) To provide further material to test the genetic theory of 
Cutbush and Mollison, and to see whether genetic linkage could be 
detected between the Duffy genes and any of the other blood group 
genes, or between the Duffy genes and sex or between the Duffy genes. 
and the ability to taste phenyl thio-carbamide. 

The work was made possible by a generous supply of the Duffy 
serum, the gift of the discoverers. Tests were carried out by the indirect. 
anti-globulin method. 


Phenotype, gene and genotype frequencies 


Samples of blood from 255 unrelated Londoners were tested with 
anti-Fy*. The results, together with those of Cutbush and Mollison, 
are given in table 1. , 


TABLE 1 
The frequency of the Duffy phenotypes in England 
Fy(a-+) Fy(a—) 
Cutbush and Mollison . ; 205 | 133 64°88 per cent. 72 35°12 per cent. 
Present series 255 167 65°49 5 88 sy 
Total 460 300 65:22 160 34:78 


Assuming that the theory that the phenotype Fy(a—) represents 
the genotype FyFy® is correct, then the gene frequencies may be 
derived in the usual way :— 

frequency of the gene Fy? = 1/0-3478 = 05898 
and the frequency of the gene Fy* = 1 —0-5898 = 0-4102 


= 
: 
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The genotype frequencies are therefore :— 


Fy*Fy* 04102? = 0°1683 
Fy*Fy’ 0°4102 X0-5898 x2 = 0°4839 
0°5898? = 0°3478 


Using the Pluym serum van Loghem and Hart tested 212 Dutch 
blood samples of which 127 or 59-9 per cent. were Fy(a+). We 
have had the opportunity of testing 28 French samples of which 19 
or 67-9 per cent. were Fy(a+). There is no significant difference 
between these and the English frequencies. 

Four anti-Fy* sera (Duffy, Pluym., Rom., and And.) gave identical 
results when tested in parallel against 50 English blood samples 
(Rosenfield, Vogel and Race, 1950). There is therefore as yet no 
hint of subgroups of this system. : 


The independence of the Duffy groups 


All of the 255 blood samples were tested for the A,A,BO groups 
and for the Rh groups as defined by anti-C-c-C*-D-E and anti-e. All 
but one of the samples were tested for the MN and S groups; and 
all but a few were tested for the P, Lutheran, Kell and Lewis groups. 
The distribution of the Duffy phenotypes within these other divisions is 
given in table 2. The probabilities given by x? tests on the 2 x2, 
2X3 and 2 x5 tables of table 2 are given in table 3. 


TABLE 2 


The distribution of the Duffy phenotypes relative to other blood groups, 
to sex and to phenyl thio-carbamide tasting 


EE Ee | DD Dd dd CC Cc 


Fy(a+) | 69 89 2 35 190 | 25 95 47 | 13 82 72 | 95 48 8 mt 5 
Fy(a—) | 40 44 2 17 69 | 2 48 16 | 14 50 2 | 48 2 5 9 5 


Lu(a+) 
Lu(a—) 
Le(a+) 
Le(a—) 
Sec 
Non-sec 


= 


Fy(a+) | 50 77 40/77 90/134 32| 9 146] 6 150] 19 120 | 12 6 


Fy(a—) | go 40 17/51 36| 61 23] 8 72| 2 73] I 52 5 2 22 15 


It will be seen that in the two associated comparisons involving 
C and D the probability is below 1 in 20. We are convinced that this — 
lack of proportion is due to chance for it is not shown by the data of 
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Cutbush and Mollison and it is only to be found in the first half of 
our own material. Had the disturbance been other than a chance 
one it should have shown in both halves. The lack of proportion 


TABLE 3 
The probability of obtaining by chance the results given in table 2 
Probability 
Male : female . ‘ 0°56 
0O:A,: B: AB and AB ; 0-62 
M: MN: N 0°64 
CC: Cc: cc, ist 114. p<ovor 
CC : Ce: cc, and 141 ‘ 


cannot be explained by the presence of unsuspected anti-c or anti-d 
in the Duffy serum for the donor of the serum was cde/cde and had 
produced anti-D (which antibody has to be removed by absorption 
before the serum is used). 

The distribution of the groups other than Duffy, shown in table 2, 
is not typical of the general population. The samples, though un- 
selected for Duffy, were often selected in respect of other groups for 
reasons outside the present investigation. 


The Duffy groups of 58 families 


Table 4 shows the expected incidence of the various matings and 
of the relative frequency of Fy(a+) and Fy(a—) amongst the children 
of these matings. The calculations are based on the theory of Cutbush 
and Mollison that the Duffy groups are controlled by two allelomorphs, 
one of which in single or double dose determines the presence of the 
recognisable antigen. 

In table 5 the observed results of testing 58 English families and 
148 children are compared with the results expected according to the 
theory. It will be seen that the agreement is close and the theory 
strongly supported. 

Ascertainment.—The ascertainment of the families was at random 
with respect to all blood groups. 

Linkage.—The u statistics of Fisher, as elaborated by Finney (1940) 
have been applied to the results. In the case of A,A,BO, MNS, Rh, 
Lutheran, Kell and sex, use has been made only of the “ certain 
families in which the parental genotypes have been disclosed. In 
the case of the P groups, of the Lewis groups and of P.T.C., use has 
also been made of “ doubtful’ families, where for the parents the 
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phenotype alone was known, the score being weighted according to 
the probability of their heterozygosity. There were no “ incomplete ” 
families. 

TABLE 4 


The expected distribution of the Duffy groups in parents and offspring on the 
assumption that the gene Fy*® is expressed in single and double dose 


GENOTYPES 
Matings Children 
Type Frequency Fy*Fy* Fy*Fy’ 
Fy*Fy* x 0-0283 00283 
Bx . 0°33 0°1683 0°1683 
FyFy’x FyFy O*1210 ae 01210 
10000 
PHENOTYPES 
Matings Children 
Type Frequency Fy(a+) Fy(a—) 
a+ a+ 0°4253 08624 01376 
a+) x Fy(a— 0°4537 06290 0°3710 
a— x 1-0000 
1*0000 
TABLE 5 
The Duffy groups of 58 English families with 148 children 
Matings Children 
Number Fy(a+) Fy(a—) 
Total 
Type number 
obs. exp. obs. exp. obs. exp. 
Fy(a+) x Fy(a+ 20 24°7 50 43 43°1 7 6-9 
Ba x Fy(a— 29 20°3 74 40 40°5 34 27°5 
*y(a—) Fy(a— 9 7:0 24 0-0 24 24°0 
Total . P 58 58-0 148 
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The results of the calculations are given in table 6. There is no 
evidence for linkage between the Duffy genes and any of the other 
genes studied, for S(A) is in each case less than 1-644/S(x). 


TABLE 6 
Linkage relations of the Duffy genes 
cent. 
fi lower 
S(A) S(x) 1°64/ S(«) limit to 
cross-over 
frequency 
A,A,BO ‘ +1°0 gl per cent. 
Rh x —5'0 35°0 9°7 gr6 
Partial sex . +6-0 26-0 


The last column of table 6 shows the 5 per cent. fiducial lower 
limit to cross-over frequency. This expression, for which the formula is 


x= +1 | 


was suggested by Finney as giving perhaps a better measure of the 
weight of evidence against linkage than does S(«). 

The two families shown in fig. 1 have been chosen from the 58 to 
illustrate the independent segregation of the Duffy genes and some of 
the other blood group genes. 


SUMMARY 


Samples of blood from 255 unrelated English persons have been 
tested with the Duffy antiserum. The Duffy antigen was present in 
167 or 65-49 per cent. of the samples; a figure very close to the 
64°88 per cent. found by Cutbush and Mollison in testing 205 English 
persons. From the combined results of the two series the following 
gene frequencies are derived : Fy* 0-410 and Fy” 0-590. 

Fifty-eight families with 148 children have been tested for the 
Duffy groups ; the results agree well with the genetic theory of Cutbush 
and Mollison. The families were also tested for the A,A,BO, MNS, 
P, Rh, Lutheran, Kell and Lewis blood groups, and for their ability to 
taste phenyl thio-carbamide. No linkage between the Duffy genes 
and any of the genes responsible for these characters was established. 
The Duffy genes could not be shown to be partially sex-linked. 


6 
| 
fic 
| 
7 
— 


DISTRIBUTION OF THE DUFFY BLOOD GROUPS 109 


OO A,O 
MSNs MsNs 
p Pp 
Lu’ 
rele) A,O 
MSMs MsNs 
PP pp 
Li Lu’Lu’ Lu*Lu’ 


00 B 
CDe/CDe CDe/cde 
Le*Le* Le‘Le? 


AO AO 
CDe/cde CDeCDe CDe/ede CDe/ede CDe/CDe 
Lé Le“Le’ Le“Le* Le 
Fic. 1.—Two families illustrating independent segregation of the Duffy genes and certain 
other blood group genes. 


Black = phenotype Fy(a+), genotype Fy*Fy® 
White = phenotype Fy(a—), genotype Fy*Fy” 
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INTRODUCTION 


THE existence of genetic recombination and linkage in a strain of 
Escherichia coli (Lederberg and Tatum, 1946 a, b, c; Tatum and 
Lederberg, 1947 ; Lederberg, 1947) can now be regarded as definitely 
established. Recombination was first discovered in mixed populations 
of multiple nutritional mutants by the appearance of prototrophs, 
which, unlike the parent types, were capable of growing in minimal 
media. The use of multiple mutants renders the possibility of con- 
tamination by back-mutation extremely improbable, especially as 
prototrophs appear only in mixed populations. The evidence suggests 
that the vegetative cells are haploid. The existence of linkage between. 
some nutritional factors can be shown by testing colonies grown on 
a medium supplemented by a single nutritional requirement (Lederberg 
1947, Pp. 512-13). More conclusive evidence is provided by the 
introduction of other contrasting characters such as the ability or 
inability to ferment certain sugars, and resistance or susceptibility 
to various types of bacteriophage. The frequencies with which the 
possible combinations arise in prototrophs are most economically 
interpreted by postulating a linear arrangement of loci, which so far 
all fall into a single linkage group. 

In the usual type of breeding experiment the offspring can all be 
classified as showing no recombination or as belonging to one of a 
number of recombination classes. With bacteria, on the other hand, 
we usually examine only members of the recombination class 
represented by prototrophs, and even if with an improved technique 
we could select on the basis of factors other than nutritional factors, 
we should still have to classify organisms for which some recombination 
had been obligatory. However, it is still possible, with the aid of 
certain assumptions, not only to test for the existence of linkage but 
also. to estimate recombination fractions and to make tentative 
linkage-maps. 
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Recombination, in E. coli K-12 at any rate, occurs exceedingly 
rarely. But when conditions obtain which are favourable to the 
production of prototrophs, the recombination of .a variety of other 
factors is common. The situation is somewhat analogous to that 
arising in the detection of linkage in human families, where the 
difficulty is to find matings of the right type. With bacteria, 
** matings” of any sort are probably extremely infrequent, but the 
selection of prototrophs for further examination enables us to sift out 
just those organisms which will yield information about linkage. 

If the pair of contrasting characters, for which both members of 
a pair are scorable, are distal to a segment over which recombination 
is obligatory, then the treatment of linkage closely follows the methods 
normally used in ordinary multiple crosses, at least on the assumption 
of no interference. But if these pairs lie in the segment over which 
recombination is obligatory, then special methods are required. 

The object of the present paper is to deal with the latter contingency, 
which has so far proved to be the commonest case. As in classical 
Mendelian crosses, we should consider the possibility of disturbances 
due to differential viability or misclassification (partial manifestation). 
For the simpler four-point crosses we are obliged to make definite 
assumptions about the degree of interference present since the numbers 
of degrees of freedom available are not sufficient to permit the 
estimation of interference as well as linkage, and we cannot make 
separate estimates of single and triple recombination as in the familiar 
type of linkage-cross. With crosses involving five points or more the 
estimation of interference should be possible. In the treatment given 
here interference will be assumed negligible, although 1 hope to deal 
with this topic another time. 


2. NOTATION AND DEFINITIONS 


It will be convenient to represent pairs of characters, one of 
which is compulsorily selected, by: A,a; Oc; ... where 
the upper case letters correspond to the character selected. Thus 
we shall be concerned with crosses of the type : ABcd... = abCD..., 
yielding prototrophs ABCD .... It is common, though not 
theoretically essential, for such characters to be nutritional. Characters, 
which can be scored in prototrophs for either member of a contrasting 
pair, will be represented by: x,x’; y,9’; z,2’;.... These will 
often be characters like phage resistance or sugar fermentation. 

As we are confining our attention to loci lying within a segment 
over which recombination is obligatory, we shall be concerned with 
crosses of the type Axyz .. . 6b =a x'y’z' . .. B. Such crosses may 
in fact contain additional factors C,c ; D,d; . . . in the distal portions 
of the segments to facilitate the selection of prototrophs. 

The order of a cross is denoted by the number of pairs of loci, 
including end-points, involved in a segment over which recombination 
is compulsory. Thus Axyzb = ax'y’z’B is a five-point cross. 
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3. TEST OF SIGNIFICANCE FOR LINKAGE 


Linkage will be suggested by the failure of (x,x’) characters to 
segregate independently. Disturbed frequencies may result from 
the physiological properties of the alleles, giving rise to differential 
viability or partial manifestation. Either. of the latter possibilities 
can be allowed for by employing “ reversed ” crosses, corresponding 
to use of matings in both coupling and repulsion in ordinary linkage 
backcrosses. Table 1 shows how the basic data are classified: a, b, 
¢ and d are the observed numbers. 


TABLE 1 
Prototrophs (ABCD . . .) 
Parents 
x 
Abed @ED...3% a b 
ABed... .3 ebCD...3% d 


Linkage is indicated if the observed numbers in the fourfold table 
depart significantly from proportionality. 
The first crosses reported by Lederberg and Tatum (1946) gave : 


TABLE 1a 
Prototrophs (B+M+P+T+) 
Parents 
Vi" 
B-M-P+T+ = B+M+P-T- 
Salt 8 2 


The exact treatment of the fourfold table gives P = 3:5 per cent. 
Later work (Lederberg, 1947) confirmed the suggestion of linkage. 


Estimation of linkage 


We will now consider the problem of estimating recombination 
fractions, and shall assume that interference is negligible. 


4. THREE-POINT CROSSES 


Suppose we have a cross of the type: Axb = ax’B, represented 
diagrammatically in fig. 1. 


Fic. 1. 


A x b 
Segments : I 2 
Rec. fraction : A 7 
H 
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The segments (Ax) and (xb) are numbered 1 and 2. The 
recombination fractions for these segments, are, respectively, A and yp. 
Now recombination over (Ab) is obligatory, by reason of the 
selection of prototrophs, and we have either recombination over 1 
and none over 2, or vice versa. Thus, if the frequencies are undisturbed, 
the expectations for a sample of n tested colonies is as given in table 2. 


TABLE 2 
Prototrophic types 
4 x Total 
(Rec. over 1) (Rec. over 2) 
Exrected nX\(1—p)/R n(1—A)p/R n 
Observed a b n 


where R is the recombination fraction over the whole segment from 
A to ), and is given by : 


R = A(t—p) +(1—A) = A+p—2Ap. 
There is only one degree of freedom at our disposal so we cannot 
hope to estimate A and yp separately. Moreover, the likelihood is a 
function of ( i) / (:—1), so that we cannot even estimate the ratio 


A/p or p = A/(A+ p) satisfactorily unless both A and yw are small com- 
pared with unity. If the latter condition is fulfilled we have the 
estimates : 


Atp on 

wp 


5. FOUR-POINT CROSSES 


Now let us consider a four-point cross: Axy 6 = ax'y’B, with a 
notation given in fig. 2. 


A 
| 
| 
| 


x 

| 
a 


| 
| 


Segments : 
Rec. fraction : B v 


Fic. 2. 


The observations fall into four classes according to whether there 
is recombination over only one segment, or over all three. There are 
now three degrees of freedom available and we should be able to 


: 
ix 
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estimate the actual values of A, » and v. The observed and expected 
values are as in table 3. 


TABLE 3 
Prototrophic types 
Total 
(Rec. 1) 2) (hen, 3) 1, 
Expected | nA(t—p)(1—v)/R n(1—A)u(1—v)/R 
Observed a b d 


where R, the recombination fraction over the whole interval 1 +2+3, 
is given by 
R = (Set) 
= fo 


The logarithm of the likelihood is : 
L = (a+d)log A+(b+d)log »+(c+d)log v+(b+c)log (1 —A) 
+(a+c)log(1 +(a+8)log(1—») —nlog R (5.2) 
Therefore, the maximum likelihood equations are : 


(1 —2p) (1 —2v) =0 


n 
ct+td a+b 


Since we have three degrees of freedom and three unknowns we 
should expect the solution of (5.3) to be the same as the solution of 
the equations given by equating the expectations to the observations, 
ia, 

nd(1—p)(t—v)/R =a 
n(1—A)p(1—v)/R = b 
n(1—A)(1—p) »/R = 
nApv/R d 


The solution of (5.4) is clearly given by : 


and it is easy to verify that (5.5) is in fact the solution of (5.3). 
The formule (5.5) are analogous to those previously used in 
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linkage backcrosses (Fisher, 1935-49 ; Bailey, 1949) and application 
of the usual formula 


éT\? (aT\? 
var T = 3n(=*) 
gives the following large sample variances : 
var A = A*(1—A)2/h 
var = p?(1—p)*/h 
var v = v°(1—v)2/h 
where = + + and A, p, v are calculated from (5.5). 


The product formule (5.5) are presumably those employed by 
Lederberg (1947) in calculating recombination fractions, although 


. he gives neither the formule nor the standard errors. If A, » and v 


are all small the triple-recombination class will be very small and 
1 /h~1/4d will be large. Thus the standard errors will all be relatively 
large, as stated by Lederberg. IfA, » and v are not small the theoretical 
precisions will be much higher, although it may no longer be easy to 
recognise the triple recombination class and then the order of the 
loci may be uncertain. 


A test for differential viability * 

The above treatment of a four-point cross ignores the possibility 
of differential viability, and to take account of this we are obliged 
to employ different mating types. The easiest test for the existence 
of differential viability is obtained when we have data for crosses 
which are “ reversed ” with respect to both x,x’ and _y, 7’. 

Let us assume that the viability of x’ relative to x is u; and of y’ 
relative to y is v. Then the expectations and observations are as 
follows : 


TABLE 4 
1. Axyb = ax’y’B Ax’y’b = axyB 
Rec 
over Proto- Proto- 
trophic Expected Observed | trophic Expected Observed 
type type 
I xy’ ww. A(1—p) (1 —v) a xy 1. A(1—p) (1 —v) e 
3 xy 1, (1—A)(1—p)v uv. (1—A)(1—p)v g 
123 x’y u. Auv d xy’ v. Auv h 
ny X nq/Re Ne 


where R, = w.A(t—p)(1—v) +... +... (5-7) 
R,= 1.A(1—p)(t—v) +... +... 
* We can of course examine the data for general disturbances by testing the 


2X4 contingency table. The present test is relevant to a more specific hypothesis 
and permits the two viabilities to be separated. 


a 
| | 
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And let us write ate =A 
b+f =B 
c+tg =C i ; (5.8) 
d+h =D 
n,+n,=N 


= (A+D)log A+ (B+D)log w-+(C-+D)log »+(B-+C)log (1 
+(A-+C)log(1 +(A+B)log(1 
+(a+d+f+g)log u+(a+b 
—n,log R,—n,log R, (5-9) 
To derive a significance test we calculate scores in the usual way 
by differentiating L and then put u = v = 1. 
aL_ ab 


The equation — = — = — = =o are similar to (5.3) when we 
Op ay 


put u = v = 1, but with A, B, C, D written for a, b, c,d. The solutions 
are therefore : 


1—A (BG) (AC) ’1—» (\AB 
by comparison with (5.5). 
Substituting these values in the scores for u and 2, we find : 


S.-1 = 


= 


The variances and covariances of these expressions are easily 
obtained by the usual multinomial distribution theory and are given 
by the matrix : 


a(A+D)(B+C) a(AC—BD 


where a = 4n4n,/N.° 
We shall require the inverse of V, 1.e. 


B(A+B)(C+D) #(BD—AC) 
=|a(BD—AC)  (A+D)(B+C)} ‘73 


where 8B = N?/4Kn,n,ABCD 
I I ae. 


(5.11) 


We can then use the joint test for viability given by a x? with 

2 degrees of freedom : 
where S = 


v=1 
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This test would be much more convenient if we could find a 
relatively simple algebraic expression for (5.14). 

If viability is found significant then we must return to (5.9) and 
proceed in the usual way by the use of scores and amounts of partial 
information. 

The use of the significance test is illustrated by its application to 
some of Lederberg’s data. 

Lederberg (1947, page 514) gives the results of various crosses. 
Let us consider two types of cross only, viz. 

1. (B+M+)Lac-V,"(T-L-) = 
2. = (B-M-)Lac-V,’(T+L+) 


Although it is doubtful whether the B,+ and the B,-** results are 
really homogeneous, we shall group these together to give the following 
. data : 


TABLE 4a 
Rec. over I 2 Totals 
I LactV,* a: 141 Lac~V," ¢:130 A:271 
2 Lac-V,* 6: 296 LactV," 24 B : 543 
3 Lac-V," ¢: 241 C: 
123 LactV,° d:1 13 D: 
Total n, : 696 Ng 518 N: 1214 
Applying the foregoing results we obtain : 
S,-1 = —28-2800, = —59°3509 (5-15) 
[221°9954 67-0329 
4°88105 x10-* —1-24674 x 
and —1+24674 412886 x 10-3 (5-17) 


Using (5.14) this gives x2 = 14°26, which is highly significant.* 

It should be mentioned that the slightly more obvious procedure 
of distributing the six available degrees of freedom between the three 
recombination fractions and three differential viabilities (for four 
phenotypes) in fact fails to be of service, as the resulting maximum 
likelihood equations are not uniquely soluble. 


6. FIVE-POINT CROSSES 
A five-point cross can be represented by 
A xyzb = ax'y’z'B 


* Separate examination of S,, and S, shows that it is only the viability of V*, 
relative to V’, which is clearly significant. 


| 
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Suppose that the arrangement is as in the following diagram, where 
the recombination fractions for the various segments are also shown : 


J 


b 
| 


x 

|__| - ----- 

Segments : I 2 3 4 
Rec. fraction : A v 


Fic. 3. 


The observations are distributed in eight groups: four single- 
recombination groups and four triple-recombination groups. If the 
recombination fractions are not too large then it will be easy to 
distinguish the single from the triple-recombination classes, thus 
establishing the order of the loci. Let us suppose that this can be 
done. 

Now the straightforward approach is to use the method of maximum. 
likelihood, but since we have seven degrees of freedom to estimate 
four parameters we shall not be able to replace the likelihood equations 
by equations in which expectations are set equal to the observations. 
We can, however, employ the usual scoring procedure. It is convenient 
to have approximate estimates of the recombination fractions to 
start with and an easy method of obtaining such approximations is 
given below. 

Suppose that the observed and expected values are, on the 
assumption of no interference, as set out in the following table : 


TABLE 5 
Expected rey i 
AB, x’y’z’ = —A)(1—p)(1—v)/R 
AB, x’yz’ —v)/R 
134 M, = nx(1—A)pr/R 
yz 234 mg = n(1—x)Auv/R 
Total n n 


where R, the recombination fraction over the whole interval from 
A to B, is given by : 
R = —8 
=4$[1 (6.1) 
and j = e+f+g+A. 


i 
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Applying the method of maximum likelihood we obtain the 
following scores and amounts of partial information : 


atetf+s b+c+d+h —2 


} 
I—2k 
btetfth atetdt+g —2) 
> (6.2) 
5 = cte+g+h a+b+d+f -2) 
I 
v I—v 
2p 
n{R(1 —R) —K(I 
and three similar expressions. { (6.3) 
—n(1 —2n)(1 —2v) 
Ia R2 
with five similar expressions. } 


Now if @ is a column vector representing four approximate values. 
for the recombination fractions ; if S is the corresponding set of scores ; 
and if J is the matrix of the amounts of partial information ; then an 
improved set of approximations to the maximum likelihood estimates. 
is given by 0,, where 


If necessary, the process can be repeated using the set of approxima-. 
tions 6, as starting point, to give new estimates #,. More than two: 
cycles of iteration are rarely needed. 

From a consideration of table 5 it is easy to see that we could 
obtain initial estimates of the recombination fractions by using product. 
formule of the type 


) _aefg 


= = etc. 
I—k bedh 


but these would be very sensitive to sampling variations in the small 
numbers of triple-recombinants. We can avoid this difficulty by 
grouping together the four triple-recombination classes, and then 
solving the equations formed by setting the expected values equal to 
the observed values—this gives four independent equations in four 


a 
| 


LINKAGE IN BACTERIA 121 


unknowns, and is equivalent to a maximum likelihood solution with 
the triple-recombinants grouped. The estimates are given by : 


(6.5) 


and j = e+f+g+h 


As an example, let us consider the following data for Escherichia 
coli, for the use of which I am indebted to Dr L. L. Cavalli. 
The crosses made were : 


M+*Gal-Lac-V ,"(T-L-) = M-Gal+LactV ,‘(T+L+) (6.6) 
where in these experiments (TL) acted as a single unit. The strains 
crossed were K12 : W583 and 58-161. 

The prototrophs recovered were all M+(T+L+) and were scored 
for Gal, Lac, and V,. It appeared from the data that the order of the 


loci was as shown in (6.6) and on this assumption we may exhibit the 
data as in table 5a : 


TABLE 5A 

Prototrophic type ee ea Observed number | Expected number 
Mt+(T+L+), 

Gal+ Lact V,* I a: 48-05 

Gal- Lact 2 b: 5°39 

Gal- Lac~ V,° 3 ¢: 191 187° 3 

Gal- Lac~ 4 d:99 
M+(T+L+), 

Gal* Lact V,* 134 id 7°45 30°76 
Gal- 234 h:9 13°24 
Total n:447 447°01 


Using the formule of (6.5) we obtain the preliminary estimates : 


6=|A]_ | 0-20 (6.7) 
ve 0°36 
0°23, | 
Substituting these values in (6.2) gives the scores 
24,0895 
S=|S,}_ 4°7558 (6.8) 
S, —17'5867 
[—39-4096_ 


«= = 
where 
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And substituting in (6.3) gives the information matrix : 


5167-9 —332°8 —713'1 —369°8 
 224§°5 —1003°7 
—369°8 —468-4 —1003°7 3056-4 
- Inverting (6.9) gives : 
2°22463 0°69097 1°35168 0-81892 
/0°69097 3°86689 2°43714 1°47657 
1°35168 2:43714 7°16048 2°88851 
0°81892 1°47657 2°88851 4°54578 
Therefore, using (6.4), the corrections to apply to the estimates in 
(6.7) are : 
0000 
| —0°007 
FAS = R . (6.11) 
—0-020 
0°120 
forrg3|_ . . (6.12) 
Therefore 6, = 0-340 
0°210 
We can use the improved estimates of (6.12) to recalculate the 
scores and hence derive a better set of approximations, 0,. It is not 
worthwhile to recalculate the information matrix as this changes 
relatively slowly. The standard errors of the final estimates are given 


by the square roots of the terms in the leading cag of (6.10). 
Thus we have : 


12°4+1°5 per cent. 


A = 20'1+2°6 
a . (6.1) 
,, 


y= = 21°9+2°1 
The five loci can now be mapped as in fig. 4. Recombination 
fractions are given for the separate segments, and also a map distance 
calculated from Haldane’s formula: x = —}log,(1—2y), where » is 
the recombination fraction and x the map distance, in cM. 


Rec. fraction : 201 35°6 , 
M Gal Lac V; (TL) 
Map distance : 14°93 62:2 28-8 
(cM) 
Fic. 4. 


Since the observations have 7 degrees of freedom and we have 
estimated only 4 parameters, there are 3 degrees of freedom remaining 
with which to test how well the hypotheses fit the data. The expected 
numbers are shown in table 5a. The chief source of variation is 


A 
| 
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between the triple-recombination classes. As the numbers in classes 
(124) and (134) are somewhat small, let us group these together before 
calculating a x? with 2 degrees of freedom. We find x? = 4:84, 
and P = 8-9 per cent. We may regard this as a sufficiently good fit. 

The total map distance between M and (TL) works out at 131-0 cM. 
It is of some interest to find the standard error of this quantity. It 
will not be very small because the estimates for the individual segments 
are positively correlated. 

Suppose that the total map distance is X, and that the values for 
the individual segments are x1, x9, x, and x, Then: 


X = = —$Zlog(1—2x) = —4Hlog(1 —2R) 


Therefore —= etc. 
I—2k 
Thus, in large samples, 
var X = Ivar x,+2Zcov(x 
aX)? aX) (aX 
= var = (x,A) 
Therefore . (6.14) 
where / = (1/(1—2x«) 
1/(1—2y) 
1/(1—2v) 
1+3298 
Using the estimates in (6.13) we have / = oer - (6.16) 
3°4722 
1°7794 
Substituting (6.10) and (6.16) in (6.14) gives : 
var X = 207°68 (6.17) 
therefore X = 131:0+14°4 cM 


A similar analysis can, of course, be carried out with data from a 
four-point cross. 

The recombination fractions shown in fig. 4 are appreciably higher 
than the corresponding values obtained by Lederberg. However, 
Lederberg’s estimates do not take account of differential viabilities 
by which they are almost certainly influenced, while in the above 
treatment of Cavalli’s five-point material it was not possible to allow 
for this kind of disturbance. Thus we are at present unable to decide 
whether the two bodies of data are in agreement or not. 


7. SUMMARY 


With bacteria linkage data is obtained from the crossing of com- 
plementary types by classifying organisms, for which recombination 
over an odd number of segments has been obligatory. If the loci, 
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for which both members of a contrasting pair of characters are scorable, 
are distal to the segment over which recombination is compulsory, 
then, on the assumption of no interference, the data may be analysed 
by the methods already used in experimental linkage work. 

If, on the other hand, these loci lie within the segment, then special 
methods of analysis are required. The present paper develops the 
appropriate maximum likelihood treatment of a selection of such 
problems arising in three, four and five-point crosses, and gives some 
worked examples. 
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INTRODUCTION 


VARIATION, within and between populations of many different species 
of animal and plant, has been quoted as being the result of genetic 
drift, on the lines suggested by Sewall Wright (e.g. 1940). One 
species which has been repeatedly referred to is the polymorphic land 
snail Cepea nemoralis (L.). However, Cain and Sheppard (1950) 
have shown that different colour and banding patterns have definite 
selective values, dependent upon the environment. Moreover, they 
showed that polymorphism in this species is normal and stable. They 
also showed that the ratio of the different genotypes within a breeding 
community is determined by the interplay of two kinds of selective 
advantage: one physiological and the other due to differential 
elimination by predators. 

It is essential that these two components of selection should be 
separated if a more detailed knowledge of the relative importance of 
natural selection and genetic drift is to be obtained. The purpose 
of this paper is to give a preliminary report on the role played by the 
song thrush Turdus ericetorum Turton as an agent of natural selection. 


METHODS 
(i) Collecting 


Every few days all the broken snail shells from thrush’s “ anvil” stones were 
collected from two localities in Wytham Woods: one in Marley Wood and the 
other, a mile and a quarter away, in Ten Acre Copse. 


(ii) Controls 


As a control 1358 snails, collected from other populations, were marked with 
quick-drying cellulose paint and scattered at random in the vicinity of the thrush 
* anvils ” in Ten Acre Copse. 
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The snails were marked by removing an area of the periostracum, from the 
body-whorl, in the vicinity of the umbilicus and replacing it with a thin layer of 
paint. It was found that if the periostracum was not scraped off some of the marks 
were lost. However, of 40 individuals marked in the correct way on 13th April 
none had lost their marks by 23rd June. The part of the snail which is marked 
cannot be seen by predators, because it is on the ventral surface and is therefore 
concealed by the shell above and the surface on which the snail is resting below. 
(Plate I.) 

Different colours were used in different sections of the locality in order that 
the area from which the thrushes were collecting should be known. The ratio of 
yellow to pink and brown shells in the marked population was 747:611. A 
sample of living marked snails was taken from Ten Acre Copse on 20th May, and 
two samples of living unmarked snails were taken from Marley Wood on 14th April 
and 26th May ; each snail was examined, marked with a small pencil mark and 
returned to the colony. To ensure that these samples were random ones, equal 
sub-divisions of the areas were searched for equal periods of time and all the snails 
that could be seen were collected, recorded and released. This method of sampling 
' the population prevented the breeding-communities being disturbed by the removal 
and subsequent redistribution of snails, and at the same time it ensured that no snail 
was recorded twice. 

(iii) Recording 


The colour and banding patterns of the broken shells were recorded, using the 
system described by Cain and Sheppard (1950). Because many of the shells found 
on thrush “ anvils ” are broken into small pieces, it was decided, from the beginning, 
to use only those which had sufficient of the lip of the shell present to make it certain 
that each was derived from a different snail. All the shells from the Marley Wood 
“* anvils ” were recorded in this way except that, when the full band-formula could 
not be determined, the unknown bands were indicated by question marks. For 
example if all the bands on a yellow shell had been broken away, it was recorded 
as yellow ?????. If only bands one and two were lost it was recorded as yellow ??345. 
In the Ten Acre Copse locality shells were also recorded as marked, or unmarked ; 
or, if the area which is painted was broken off, they were recorded as ‘‘ marked 


area destroyed.” 
RESULTS 


The results of collecting are given in tables 1, 2 and 3. If the 
percentage of yellow shells in the different samples is plotted against 


TABLE 1 
Marley Wood 
April 6th, 1950. Anvils cleared of all broken shells 
Pink and Yellow Total Per cent. 
brown yellow 
April 11th 4 3 7 
2grd 10 17 
goth II 32 34°4 
May 7th 2 9 34 26:5 
»» Igth I 3 19 15°8 
22nd 6 I 143 
» 26th 12 2 14 14:3 


time (grouping them, in the way indicated in the tables, when the 
individual samples are small) it will be seen that there is an apparent 
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TABLE 2 
Ten Acre Copse, Unmarked Shells 
April rst, 1950. Anvils cleared of all broken shells 


Pink and Per cent. 
brown Yellow yellow 
April 19th I I 
22nd I I 2 
» 25th 2 I 3 
», 26th 2 2 4 
May ist 2 I 3 22-2 
» and 4 I 5 
a th 3 te) 3 mr 
” th 3 I 4 
bath 3 I 4 
» 16th 2 2 
17th I 
22nd 2 2 
28th 2 2 
goth I I 2 mr 
June 3rd 2 o 2 
II I 12 
TABLE 3 
Ten Acre Copse, marked shells 
April 26th, 1950. Marked snails released 
Pink and Per cent. 
brown Yellow yellow 
April 28th o 2 
y st I 80-0 
» and I I 
th I 3 
” th 3 9 
pe I 
12 4 "2 
16th I # 
»» 20th I 50°0 
» 22nd I I 
” goth o 2 
June 3rd 2 I 375 
» 5th 3 o 


Percentage of yellow snails killed, transformed into degrees 
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decrease in the percentage of yellow shells with time. (In the graph 
the percentages of yellow shells have been transformed into angular 
measure) (figs. 1 and 2). Moreover, the slope of the graph obtained 
from the Marley Wood samples (fig. 1) is not so steep as those in the 
second graph (fig. 2). 


MARLEY WOOD 

50 4 

4 

30 4 7 

e 

20 

10 7 

0 — T T 
April 10 20 30 May 10 20 30 


Fic. 1.—The graph shows the percentage of yellow snails killed on the Marley Wood 
“ Anvils,” plotted against time in days. The percentage of yellow snails has been 
transformed into angular measure. 


The results of collecting random samples of living snails in the 
vicinity of thrush “ anvils” in Marley Wood and Ten Acre Copse 


are given in table 4. 


TABLE 4 

Pink and | P 

Lacy Yellow | | 
April 14th | Marley Wood 80 250 24°2 

26 Ten Acre Copse (Marked snails 

May 2oth | Ten Acre Copse (Marked sh shells) . 2 5 28:6 
20th | Ten Acre Marked shells). 19 13 59°4 
” 26th Marley W e 57 147 27°9 


Both the Marley Wood and Ten Acre Copse localities are clearings 
in the wood and both have Bracken (Péertdium aquilinum (L.) Kuhn.), 
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Willow-herb (Epilobium sp.), Dog’s Mercury (Mercurialis perennis L.), 
Brambles (Rubus sp.), grasses and other herbs, growing in them. 
However, the Marley Wood area is more open, with less Dog’s 


TEN ACRE COPSE 


+ marked snails 
unmarked snails 


Percentage of yellow snails killed, transformed into degrees 


0 T T T T 


April 20 30 May 10 20 30 June 9 


Fic. 2.—The graph shows the percentage of yellow snails, from the wild and the marked 
population, which were killed by thrushes on the Ten Acre Copse “ Anvils.” The 
samples are grouped in the way indicated in tables 2 and 3, when the individual 
samples are small. 


Mercury and with more grass. It was as green or greener than Ten 
Acre Copse at the beginning of the season but showed a less striking 
increase in greenness from the beginning of April until the middle of 
May, chiefly because in Ten Acre Copse there is an abundance of 
Dog’s Mercury, which came into leaf during this period (plate II). 
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DISCUSSION 


The slope of the graphs (figs. 1 and 2) indicate that there is a 
reduction in the percentage of yellow snails destroyed by thrushes 
as the season progresses. It is therefore important to discover if the 
regression is significant. 

A logit analysis of the,Marley Wood and Ten Acre Copse data 
was carried out and the last cycle of the calculations for Marley 
Wood is tabulated below. However, in Ten Acre Copse there was 
a marked and a wild population, with different ratios of phenotypes, 
living in the same area. Therefore the two sets of data were analysed 
together, it being assumed that the two regression lines were parallel. 
It was possible, during the calculations, to show that there was no 
evidence that this was not true (P>0°5). Because of the method 
of calculation it was also possible to consider the marked population 
separately. This is important because only in the marked population 
was the area from which the thrushes were collecting snails accurately 
known. 


Marley Wood 
April Provisional R WwW WX Working wx 
logit logit 
9 0:01488 0°0149 6-998 62-98 0°14287 099 
17°5 0:18733 01851 16-417 287-30 0°17839 2-92 
27 0°38007 0°3628 | 27-776 49°95 | 0°32155 89314 
34 0°52208 0°4793 | 26-189 90°43 | 0°51077 | 13°37 
43°5 0°71482 0°6137 11°844 515'21 082793 9° 
51 0:86697 06999 182°12 0°89517 3°1967 
54°5 0°93798 0°7343 6-451 351°58 | 089455 5°7707 
99°246 | 3039°57 450098 
= 30°62662 S{x(wx)}—x S(wx) = 13886-95 df x? 
0°4535175 S{y(wx)}—F S(wx) = 281-7946 § 
b= 0:02029205 S{»(wy)}—y S(wy) = 6-0992 regression 57182 
residual 5 0:3810 


It will be seen that the Marley Wood data gives a significant 
regression with P<o-o2. The shells collected from Ten Acre Copse 
also show a regression with P<o-o1, and the x? for parallelism gives 
no evidence that the two regression lines for Marley Wood and Ten Acre 
Copse are not parallel, P>o-2.. The data for the marked population, 
when examined separately, also shows evidence of a regression P<o0-05. 

It has been pointed out by Diver (1940) and Cain and Sheppard 
(1950) that the distribution of colour and banding patterns within 
a colony of C. nemoralis may vary slightly from area to area. It is 
therefore possible that the observed regressions are the result of thrushes 
changing their feeding grounds as the season progresses and the 
ecological situation changes. However, it must be assumed that the 
new areas, from which the thrushes are feeding later in the season, 
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both have lower proportions of yellow snails than those previously 
hunted and also that the thrushes are carrying snails quite appreciable 
distances. This is unlikely because “ anvils” 30 yards outside the 
area in which marked snails were released, have never had any of 
these marked individuals broken on them. “Moreover, snails bearing 
a distinctive mark were released in the vicinity of these stones and 
although they were found on them on subsequent days they were 
never found on those used in the main experiment. It seems that 
thrushes in Ten Acre Copse were never carrying snails more than 
20 yards and usually less. 

There is additional evidence that the thrushes were not changing 
the area over which they were collecting snails, for not only is the 
regression calculated from samples of marked individuals, which 
clearly can only belong to one population, a significant regression, 
although scarcely so, but also if the ratio of marked to unmarked shells 
is examined (table 5) there is no evidence of the regression which 


TABLE 5 
Ten Acre Copse, marked and unmarked shells 
Date Marked Unmarked Total 
April 28th 2 I 3 
ay st I 3 4 
a 2nd 2 5 7 
” 4 3 7 
3th 12 4 16 
I 4 5 
» 12th II 2 13 
» 16th I 2 3 
I I 2 
>» 20th I 4 5 
22nd 2 2 4 
28th 2 2 
» goth 2 2 4 
June 3rd 3 2 5 
” 5th 3 12 15 


would be expected if the thrushes were altering their feeding area. 
There is not even any evidence that the ratio varies from day to day. 
Thus the hypothesis that the regression is the result of a change in 
the feeding habits of the thrushes can be rejected. 

If the thrushes are not altering their collecting grounds, then 
either the proportion of the two-colour classes in the colony or the 
proportion of them killed by thrushes is changing. There is no 
evidence, from samples of living snails, taken from Ten Acre Copse 
and Marley Wood, that the percentage of the yellow phenotype is 
decreasing in either population (table 4). In fact both show a slight 
increase although this is not statistically significant. Cain and 
Sheppard (1950) demonstrated that the selective value of yellow 
increases with an increase in the greenness of the background at 
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ground level. In the two areas under consideration, the greenness 
of the background increased markedly between the middle of April 
and the middle of May. It is not unreasonable to suppose that the 
observed regressions are caused by real changes in the selective 
advantage of the yellow phenotype, as a result of alterations in the 
background colour. Moreover, the percentage of yellow snails in 
the marked population is known and the proportion in the Marley 
Wood colony can be estimated from samples of living snails (table 4). 
Thus, it is possible to say not only that the selective advantage of yellow 
was changing but also that it was at a disadvantage during most of 
April, becoming neutral in value some time in late April or early 
May, and that by the middle of May it was actually at an advantage. 

The actual selective value of yellow cannot be estimated until 
more information is available about the size of the population from 
which the thrushes are collecting, the final amount of differential 
- elimination during the whole life of the snail, including the immature 
stages which are probably eaten whole, and the physiological selection. 
However, it is certain that the selective value will alter markedly 
from season to season, year to year and locality to locality, as the 
result of slight changes in the background colour in different seasons 
and years as well as differences in the intensity of predation and other 
changes in the ecology of the colony. These are quite sufficient to 
account for all the observed differences between breeding communities. 

The selective value of yellow may be exceedingly small in the 
two localities which have been discussed, for it must be remembered 
that the differential elimination of snails which have been killed has 
been studied and not changes in the gene frequency resulting from 
this elimination, although this can be obtained from the marked 
population, over the period of the observations. 

Alterations in the selective value of certain genes and gene com- 
binations have been demonstrated on several occasions. Ford (1937) 
suggested that the spread of the “‘ melanic ” form of some Lepidoptera, 
in industrial neighbourhoods, is the result of a change in the selective 
value of a genotype, which has previously been kept at a low density 
by selection, and later demonstrated the type of differential viability 
which had been envisaged (1940). Timofeeff-Ressovsky (1940) 
showed that the black forms of Adalia bipunctata L. are at a disadvantage 
during the winter and at an advantage during the summer. Poly- 
morphism in that species is probably caused by the heterozygotes 
being at an advantage compared with the homozygotes, but with 
the relative selective advantages of the different genotypes varying 
from season to season and year to year. More recently Fisher and 
Ford (1947) have shown that a certain gene in a population of the 
moth Panaxia dominula (L) is subject to selection, and that it was at a 
considerable advantage between 1929 and 1939 and that since then 
it has usually been at a disadvantage. Dobzhansky (1943, 1948), 
Carson and Stalker (1949), Dubinin and Tiniakov (1945) and others 
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have shown large changes in the selective advantage of certain 
genotypes in several species of Drosophila. 

If the magnitude of the changes in selection are as great in genes 
having small selective values as those already discussed, then such 


. changes will be of considerable evolutionary importance, particularly 


in populations which are restricted to a small area. In breeding- 
communities occupying large areas, changes in the environment 
which alter the selective advantage of certain genes in one place will 
tend to be counter balanced by opposite changes in other areas. 
However, in populations living in a restricted area changes in the 
‘environment may well cause certain genes to be lost and others to 
become fixed in the colony. In fact changes in the environment 
altering selection pressures can result in changes identical with those 
ascribed to drift, and these will be of sufficient magnitude to be able 
to override any drift effect, except in the smallest populations. More- 
over, such changes in the environment may well be of considerable 


‘ importance for unlike drift, their effect is not confined to numerically 


small populations which will not be as variable as larger ones, but 
only to breeding-communities inhabiting a restricted area. 

Changes in selective values have been demonstrated in a high 
proportion of recent investigations into natural selection. Moreover, 
environments are not constant, so that the relative selective values 
of any pair of allelomorphs, which regulate the relationship between 
the organism and its environment, will fluctuate. In view of these 
facts, it is possible that such fluctuations are the normal situation in 
wild populations, and constant selective values over long periods 
may be rare. 

SUMMARY 

1. All the broken shells from thrush’s “ anvils’ in two localities, 
Marley Wood and Ten Acre Copse, were collected every few days. 

2. 1358 snails, which had been marked with a permanent mark, 
on a part of the shell which could not be seen by predators, were 
released in the Ten Acre Copse area. 

3. Random samples of living snails were collected from the two 
areas on several occasions. 

4. The colour and banding patterns of the broken shells were 
recorded, using a modification of the method described by Cain and 
Sheppard (1950). 

5. It was observed that the percentage of yellow snails killed by 
thrushes decreased from the middle of April to the middle of May 
and that the background colour in the two areas became greener 
during this period. 

6. It was shown that not only was there a real decrease in the 
percentage of yellow snails killed as the season progressed, but also 
that there was no evidence that the rate of change was different in 
the two localities. 

7. There was evidence that this result was not due to thrushes 
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changing their feeding grounds or to the percentage of yellow snails 
in both Marley Wood and the marked population decreasing between 
the middle of April and the middle of May. 

8. The most probable hypothesis to explain the significant 
regressions is that the selective value of the yellow phenotype varied 
with changes in the background colour. Yellow was at a disadvantage 
in the middle of April, when the background at ground level was 
relatively brown ; it became neutral in value at some time in late 
April or early May and by the middle of May it was at an advantage. 

g. Changes in the selective value of certain genotypes have been 
demonstrated on several occasions. It is suggested that if these are 
of common occurrence, they will cause fluctuations in the ratio of 
different genotypes in wild populations. These fluctuations will be 
most marked in populations inhabiting a restricted area. Moreover, 
.they will have the same evolutionary consequences as genetic drift 
but, unlike drift, they will be controlled by selection, and will not 
be confined to numerically small populations. 

10. Selective values may normally fluctuate in wild populations, 
and constant values over long periods may well be exceptional. 
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Plate I 
a. Two living snails, one banded the other not banded, showing the position of the cellulose . 
paint mark, 


6. A living marked snail, in the position in which it was found in Ten Acre Copse, three 
weeks after it had been released. Note that the paint mark is not visible in the living 
snail until it is turned over. 


¢. One of the “ anvils” in Ten Acre Copse. 
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Plate II 


a. The area in Marley Wood in which the thrushes were collecting snails. 
6, The area in Ten Acre Copse in which the thrushes were collecting snails. 
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On the 27th January 1949, a Friesian type cow called Peggy, and 
belonging to Mr William Youngs of Sankence Farm, Aylsham, 
Norfolk, produced four bull calves. After undergoing considerable 
publicity for a few days, Peggy died, but the calves survived and were 
purchased by the Agricultural Research Council, and transferred to 
the Cattle Breeding Research Farm at Cold Norton in Staffordshire. 
These calves are remarkable, not only because quadruplets are unusual 
in cattle, but also because they were born alive, and were all of the 
same sex. Furthermore, they appear to be the first recorded set judged 
to be of monozygotic origin. A somewhat detailed account of them, 
therefore, appears desirable. Unfortunately, two of the calves died 
a few weeks after purchase, so that a comparison of late developing 
features became impossible. 

The evidence on which the diagnosis of one-egg origin is based 
is as follows. Except where otherwise noted, all remarks apply 
equally to all four calves. 


. Black and White Friesian 
Dam : . Black and White Friesian type ; 4 previous single calves ; 
all black and white. Sire unknown. 
Sex. . Male 
CoLour - . Red and white. Same shade of red in all four. 
CoLOuR PATTERN : 
Head : . Red with large white blaze on face 
Neck . Red 
Body ‘ . White with small irregular red patches of Ayrshire rather 


than Friesian character. Large rounded patch on 
point of rump and base of tail 


Tail . ; . White with red on proximal fifth of length 

Legs . : . White with little red on upper foreleg 

Feet . ‘ . White 

Hooves . White 

Nose P . Mostly pink where white blaze extends on to nose, but 
pigmented brown at the sides 

Lower jaw . . Large white patch extending on to throat and ending 
abruptly 

Underline . . Complete white underline from brisket to crutch 

Muzzle. . Red with white bristles 

Eyelashes . . Red 


Mouth 
Tongue} . . Pink 
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CoLouR PATTERN :—contd. 


Anus ‘ . White patch extending several inches along underside 
of tail 
Ears . ‘ . Red 
HAIR WHORLS : 
Forehead . . None 
Eye . : . Right, clockwise ; left, anti-clockwise 
Poll . ~ . Twin whorls of star type 
Neck . None 
Withers. . None 
Midback . . Single whorl of star type 
. Medium thickness and length 
Pott . . . Short smooth and straight-haired 
TEATs . ‘ . Four non-pigmented 
ConFoRMATION . Very similar in all four especially of head, legs and ears 
NOsE PRINTS . . Similar 
WEIGHT ‘ . At g days old, the individual weights were: 62, 55, 51> 
and 48 lb. 
HEALTH . Good; no abnormalities; no reaction to bovine and 


avian tuberculin 


It will be noticed that although both parents were of Friesian type, 


all the calves were red. The chance that any set of quadruplets or of 


four consecutive single calves from Friesians heterozygous for red will 
be all males and all red is once in 16 x 256 or 4096 such sets. Since it is 
immaterial from the point of view of judging monozygosity whether the 
calves are all male or all female, this figure should be halved, i.e. 2048. 
On the same line of reasoning, it might be considered that the colour as 
well as the sex of one calf is irrelevant, in which case the appropriate 
chance is once in 512 sets if the first calf is red. The set described 
might be just such an isolated case, so other details become important.. 

The colour pattern is characteristic of Ayrshires, not Friesians.. 
This suggests either that Ayrshires occur in the ancestry of both 
parents or that the cow had Ayrshire blood and was actually mated 
to an Ayrshire bull, and not, as supposed, to a Friesian bull. The 
owner reported that the cow was purchased as a non-pedigree Friesian 
and was sure that the Friesian bull, which was homebred, was the 
sire. It has sired other red calves in the same herd, and it could 
conceivably have some Ayrshire blood. 

Cole and Johansson (1948), however, show photographs of six. 
red and white Holstein cows, all of which had pigmented areas with 
ragged “‘ Ayrshire”? edges. Red and White F, segregates from 
Holstein x Angus crosses were similar. They postulate therefore that 
the “‘ ragged ”’ type of pattern is connected with the kind of pigmenta- 
tion. The fact that the quadruplets were red may thus adequately 
explain their ragged pattern and render unnecessary any assumptions 
about Ayrshire ancestry or any doubts about the real sire. The case 
for monozygosity is then weakened to the extent that concordance 
in pattern type carries no weight. 

Concordance in the distribution of pigmented areas is a property 
independant of the type of pigment and remains a striking feature 
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of the calves. As can be seen from the photographs (plate II) there 
was a very close similarity in the shape and size of the white blazes 
on the faces, and of the white area on the lower jaws and throats 
of the otherwise red heads and necks. There were also red patches 
} on the hind quarters extending for the same distance along all four 
tails. The similarity of these four red rump patches is enhanced by 
the fact that in each calf there was a white patch surrounding the 
anus, and extending some inches along the underside of the tail. 
Full-sibs showing this overall concordance in pattern would be unusual. 
The photographs show clearly the parent-offspring differences in 
pattern, particularly in respect of the white blazes on the heads which 
in the calves are very uniform in shape and size, and in extent con- 
siderably transgress the parental characters. In spite of these 
resemblances, however, the calves showed differences in the shape, 
size and distribution of coloured areas on their sides, all eight sides 
being easily distinguishable. 
Hair pattern was the same in each calf. It is quite characteristic 
of calves in the West Midland region of England, where dairy cattle 
are predominantly of Friesian and Shorthorn extraction, to have no 
whorls on the neck and withers, to have a single star-type whorl in 
the mid-back area, and to have a whorl (or better, a vortex) of hairs 
slightly behind and above each eye, so that no significance attaches 
to lack of variation in these respects. A single star-type forehead 
whorl, however, located between the eyes, is found on the majority 
of calves. Only seven calves among four hundred pairs of fraternal 
twins from a very mixed population showed no whorl, and each of 
these seven were associated with mates bearing whorls. That all the 
quadruplets should be without forehead whorls is therefore arresting. 
Too much importance, however, should not at present be placed on 
this observation. Not much is known about the amount of genetic 
variation in whorl type or number, and, moreover, there is some 
reason to suspect that whorls invisible at birth may develop with age. 
These reservations by no means rule out the possibility that some 
animals will never develop these face whorls. Such animals have 
been frequently seen among mature Jersey and Aberdeen-Angus cattle 
and occasionally in other breeds. Many Zebu cattle in the United 
States have been examined without finding any which had face whorls. 
The quadruplets had two poll whorls each, although the 400 pairs 
of fraternal twins mentioned above showed that 71 per cent. of the 
calves had one such whorl and 29 per cent. had two. Of the 400 
pairs, 34. were unclassifiable for various reasons, and of the remainder 
only 22 per cent. were discordant which is about half the proportion 
expected to be discordant on the basis of a purely random association 
of one with two poll whorls. Here again the genetic situation is 
} obscure but the evidence of a tendency for two-egg twins to be alike 
creates a presumption that one-egg sets ought to be alike. Had the 
quadruplets differed, doubts about their monozygosity would have 
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arisen, but how serious those doubts should have been is as yet a 
moot point. 

Concordance in teat numbers and coat character, including the long 
hair of the poll, is likewise at present of limited interest. The important 
point is that no differences were found. All that can be said of the 
nose prints is that they too were alike, when they might have shown 
marked differences. So far, no objective method of describing and 
classifying nose prints, such as that suggested by Nadai (1949), has 
been tried. 

Nine days after birth, the weight of the calves varied between 
48 and 62 lb. Total weight of calf produced by the dam was, therefore, 
about 210-220 lb., which is about 2} times the normal weight of a 
single Friesian calf. The calves were all sleepy and sluggish, especially 
the smaller ones, and remained so. 

At ten weeks old, the third calf, in order of birth weight, died 
at 76 lb. weight. It had hardly grown for two months. Two weeks 
later, the calf that was smallest at birth died after struggling slowly 
to 103 lb. Although the immediate cause of death in both cases 
was peritonitis and complications following scouring, the real cause 
seemed to be persistent low vitality which no practicable kind of care 
and attention could overcome. At nine months old, the two survivors 
were still notably slow and unaggressive for bulls of that age. 

Although subjective and impossible to convey accurately in 
writing, the judgment of experienced persons about conformation, 
particularly of the head, is valuable in diagnosis. No doubt is felt 
about the quadruplets in this respect, nor have the surviving pair 
developed any features which would suggest a revision of the original 
judgment. In conformation and behaviour, they are as alike at one 
year old as well-established pairs of monozygotic twins. 

To sum up on the question of monozygosity, it may be said that, 
as with the diagnosis of one-egg twins, there is no single piece of 
evidence which is conclusive. There are, however, so many characters 
in which the calves might be expected to vary, especially sex, colour 
and pattern, that the degree of concordance shown here leaves very 
little doubt of a monozygotic origin. It would have been interesting 
to study the blood groups, but this was not possible. Had the calves 
been concordant in this respect, the case for monozygosity would 
have been strengthened, but not absolutely settled, for although 
quantitative methods are available by which one-egg and two-egg 
twins can be distinguished (Stormont, personal communication) the 
faint possibility would remain that the calves all inherited the same 
genotype in respect of the blood groups studied. 


DISCUSSION 


Since there are no satisfactory vital statistics for cattle in Britain, 
the frequency of multiple births is not known. In man, the frequency 
approximates to that required by Hellin’s Law, namely P”~' where 
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P is the frequency of twins and n is the number in the multiple births 
(Newman, 1942). Quadruplets would have an expected frequency 
of P’, If this law is applicable to cattle, quadruplets should appear 
once in a million births in a population with a 1 per cent. twinning 
rate, and once in half a million births with a 1-25 per cent. twinning 
rate. Monozygotic quadruplets would occur even less frequently. 

Newman has pointed out that Hamlett’s (1935) data on 48 sets of 
human quadruplets show a marked deviation from the expected 
sex distribution. Nearly half the sets were all male or all female. 
This would be expected if one-egg twinning contributed substantially 
to multiple births. The effect of a combination of one-egg and two-egg 
twinning would also be a deviation of the same kind, although smaller, 
from the expected random distribution of sexes within sets. 

In order to determine whether bovine quadruplets show any 
peculiarities of this kind, a search has been made for published records 
of quadruplets. Table 1 shows all the suitable material with sex 
recorded that has been found. Distribution of quadruplets and 
quintuplets by number of males is as follows : 


Quadruplets 
No. of males. F : ° I 2 3 4 Total 
No. of sets observed . ; I o 9 2 2 21 
No. of sets expected. 5:2 5:2 20°8 
Quintuplets 
No. of males. F ‘ ° I 2 3 4 5 Total 
No. of sets observed . ; I 2 3 4 I o II 
No. of sets expected . #94 3% «OF 10°8 


- Expected numbers have been calculated from (f+ 9)” using 
pf =q =} on the supposition of a 1:1 sex ratio. The actual sex 
ratio was 39 male: 45 female in the quadruplets and 24 male: 31 
female in the quintuplets. There is nothing in these data to suggest 
an abnormal sex distribution which might develop from one-egg 
twinning although that certainly occurs occasionally. 

Apart from the quadruplets described in this paper, one-egg 
twinning has probably occurred in quadruplets reported by Hutt 
(1930) and in quintuplets by Cook (1948). Indeed a bias may well 
have been introduced into the foregoing analysis by the inclusion of 
these sets which might have escaped notice had it not been for suspected 
one-egg twinning. This bias will probably become stronger in future. 
From Bonnier (1946) it follows that 8 out of 100 pairs of liked-sexed 
twins will be monozygotic, or roughly 4 per cent. of all twin pairs. 
If this estimate is appropriate to an overall twinning-rate somewhere 
between 1 and 2 per cent., then 1 in 1250-2500 pregnancies result 
in one-egg twins. Fertilised eggs splitting at this rate would not affect 
appreciably the sex distribution in such a limited number of quad- 
ruplets and quintuplets as are presently available. The same line 
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TABLE 1 
Summary of reports of bovine quadruplets, quintuplets and sextuplets 
Number of 
Reference Remarks 
Males Females 
QUADRUPLETS 
Gruber (1897) I 3 Orig. in “Aus den Badischen 
Veterinarberichten pro 1896 ” 
Léfmann (1901) I 3 aan 
Delauney (1902) 4 
Erhardt (1904) 2 2 
Hasak (1911) . 2 2 
Lebedinsky (1918) I 3 F 
Garnier (1924) 3 I ay 
Bissonnette (1928) I 3 Quoting W.A. Vet., 1926, pp. 
29-31 
Hutt (1930) I 3 
Palumbo (1934) , 2 2 Orig. not seen. A.B.A.,* 1935 
Rev. de Zootechnie (1935) 2 2 
Rev. de — (1935) 2 2 
Heller (1936) . 3 I avs 
Berl. Terr Wschr. (1987) 4 te) Orig. not seen. A.B.A., 1937 
Tarr ( gt) ‘ 2 2 Orig. not seen. A.B.A., 1942 
F, an {19498} I 3 
F. and S. (19430 2 2 
J.AV.M.A, (1945) 2 2 
Pastoral Review (1946) I 3 Quoting Ward in Boston Herald 
F. and S. (1949 2 2 ane 
Donald et al. (1950) . 4 o 
Total 39 45 
QUINTUPLETS 
Léfmann (1901) 3 2 
Moussu (1904) 2 3 
Briickner (1905) 3 2 axe 
de Bruin (1910) 2 3 Quoting Lessona 
Garnier (1927) I 4 ne 
Bissonnette (1928) 3 2 ost 
Duerst (1931) . 3 2 Quoting Petrovitch 
Siemer (1931) . I 4 Orig. not seen. Abstract in 
Vet. Rec. (1931) 
Keller e¢ al. (7999) 2 3 
Owen (1948) 4 I 
Cook ( ° 5 
Total 24 31 
SEXTUPLETS 
de Bruin (1910) 4 2+ | Quoting Van Klaveren 
rary 1 (1908) 4 2t Quoted by Duerst, 1931 
Landw. Tierz (1929) I 5 Quoted by Duerst, 1931 
Total 9 9 


* A.B.A., Animal Breeding Abstracts. 


+ It is not certain that these cases are different. 


Van Klaveren’s case is cited as having 


been born go days before regular term, and Liebl’s case is cited as a full-term birth. Dates 


of birth were not quoted. 
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of thought leads to the calculation that quadruplets derived from 
one-egg might be expected no oftener than once in as) pregnancies 


but this is based on the unlikely assumption that the second and 
third splits are independent of the first. 

Two further aspects of table 1 deserve brief notice. The first is 
that the sex ratio of all multiple births quoted is 72 male : 85 female 
—a non-significant departure from that expected for single births 
(50-52 per cent. males). The second is the ratio of quadruplets to 
quintuplets, namely 21:11. The latter should occur much more 
rarely than the former with perhaps 1/50-1/100 of the frequency. 
In other words, the cow population which produced 11 sets of 
quintuplets should also have produced 550-1100 sets of quadruplets. 


SUMMARY 


The first reported set of one-egg bovine quadruplets is described. 
The sex distribution in quadruplets and quintuplets does not suggest 
that one-egg twinning is important in their production. 
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Plate I 


Fic. 1.—Quadruplets and their dam. (Photograph by courtesy of 
Eastern Daily Press, Norwich.) Inset, sire. 


Fic. 2.—Rear view of quadruplets showing pattern, coat, and conformation. 
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Plate II.—Right and left sides, and heads of the quadruplets. The 
three photographs in each row refer to one calf. 
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A GENETIC LINKAGE IN CICER 
ARIETINUM L. 


N. R. BHAT and G. P. ARGIKAR 
Crop Research Section Department of Agriculture, Bombay State 


Received 2.v.50 


THOUGH as many as seven pairs of chromosomes have been found 
in Cicer (Dombrowsky-Sludsky, 1927, and Rau, 1929), not a single 
genetic linkage has been reported so far. Pimplikar (1943) refers 
to the association observed between flower colour and seed coat colour 
as perfect linkage. However, from the results presented by him, it 
appears almost certain that it is a case of pleiotropy and not linkage. 
The association is obviously due to gene “ P ” which has been assumed 
to be common to both the pink-flowered and white-flowered parents, 
used in his cross. As the various colours of the flower and the seed 
coat are but the products of interaction of this gene with the other 
genes involved, pleiotropy has the semblance of linkage in the results 
that he obtained. It is proposed to give in this paper an account 
of a genetic linkage, not improbably a linkage group, discovered in 
the course of work done at the Crop Breeding Station, Bailhongal, 
State of Bombay. 

In the year 1947, a cross was made between the mutant alternifolia 
(Argikar, 1950, 7. Ind. Bot. Soc., in press) and a plant of the “‘ Dohad ” 
type which possessed a normal, opposite leaflet arrangement. 
Incidentally, the cross involved also two other contrasting characters, 
namely (1) branching habit, and (2) period of maturity of which 
the former has been already reported to be monogenic (Ramanatha 
Aiyer et al., 1937). The two parents possessed the characters in the 
following manner :— 


Parent Branching Leaflet Period of 
habit arrangement maturity 
alternifolia Umbrella-shaped (u) * alternate (al) Early (E) 
about 97 days 
** Dohad ”’ type Basal (U) Opposite (AL) Late (e) 
about 113 days 


* Letters within the brackets have been adopted as symbols for the characters, in this. 


paper. 


The F, plant had basal branching, opposite leaflet arrangement: 
and was early to mature. 
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The F, progeny consisted, unfortunately, of only 69 plants resulting 
from the seed of only one F, plant. The phenotypic segregation 
was of the following kind :— 


Parental types | Recombinant types Total 


U, Al,e u,al,E | U,al,E u,Al,e U,Al,E u,al,e U,al,e u,Al,E 


II 8 | 7 3 35 I 2 2 69 


In spite of the small number, the segregation for the individual 
characters, which is in all cases monogenic, has been satisfactory as 
will be seen from the values of probabilities for goodness of fit. 


Factor x’ 
U-u 0°82 0°3-0°5 
Al-al 0:7-0°8 
E-e 0-014 0°9-0'°95 


The nature of the two-factor segregation is shown below :— 


Factors taken together x2, P 
U-u and Al-al 11°63 
Al-al and E-e 0°85 0°3-0°5 
U-u and E-e 0-7-0'8 


It will be seen from the statistics given above that the probabilities 
are high for the first pair of characters to be linked. In the case 
of the second pair, there are alternative possibilities of the factors 
being either very loosely linked or of their being independent of each 
other, a definite conclusion being impossible with such a small number 
of plants. The segregation of the third pair is such as to support 
either of the above alternatives, the view of loose linkage being 
admissible if the order of the three factors is assumed to be U-AI-E. 

The percentage of recombination between the factors, U and Al, 
estimated by the Scoring Method (Fisher, 1946; Bhat, 1948) is 
23°85. If the factor, E, be loosely linked to these two, the recom- 
binations possible in the segments, Al-E and U-E would be of the 
order of 41-00 per cent. and 50-00 per cent. respectively, on the basis 
of segregation observed amongst the 69 plants. On making adjustments 
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with Kosambi’s formula, which is applicable in this case, the possible 
estimates and map-lengths are as below :— 


Segm Recombination | Map-length in x* for agreement 
U-Al 24°17 26-37 
UE 43°07 64-93 0-044 
U-E 47°47 0°373 
| Total for (1 . 0-420 


The perfect agreement of the data with Kosambi’s formula shows 
that it is not improbable that all the three factors studied in this 
case are situated on the same chromosome. 

Another possible method of testing whether the factor for flowering 
duration is or is not linked with the two other factors is to test the 
agreement of the observed frequencies of phenotypes with those to 


be expected on the basis of (1) loose linkage and (2) independence. 
This is done below :— 


Parental | Types resulting from recombination 
types in segments 
Total 
I II II | (, £) 
U, Al, e| u, Al, E 
U, al, E} u, Al, e |U, Al, E} u, al, e | U, al, e} u, Al, E 
Observed F II 8 7 33 35 I 2 2 
basis 8-08 | 5°97 | I° 32° 1°84 | 1°36 | 5°45 
Inked toU and Al Al 06 
or agreement . | 0114] 0-001 | 0-178 | 0-667 | 0-383 | o-gor | 2-1 3°967 
hed on the basis | 11-12 | 7°47 | 5°46 | 1°82 | 33°35 | 2°49 | 1 Be 5°46 eee 
of of 
x’ for agreement . | 0-001 | 0:037 | 0°431 | 0°762 | 0:082| 0-892 | 0-017 | 2-197 | 4°419 


Even the above test leaves the question undecided, though the 
observed frequency of the critical triple recessive phenotype u, al, e, 
agrees better with that to be expected on the hypothesis of linkage 
rather than of independence. No definite conclusion can, therefore, 
be drawn until either about 2960 plants, required for discriminating 
the linkage between Al and E from independence, are bred or till a 
factor between the two is discovered. 


SUMMARY 


A linkage of 23°85 per cent. is reported between the factor for 
branching habit and that for leaflet arrangement in Cicer arietinum L. 
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This is the first genetic linkage detected so far in the species. It is 
not improbable that the factor for period of maturity is also linked 
to these two. 
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BEMERKUNGEN ZU DER ARBEIT VON O. H. FRANKEL : 
A Polymeric multiple gene change in hexaploid wheat 


ALFRED LEIN 
Saatzucht Ferdinand Heine, Schnega/Hannover, W. Germany 
: Received 11.xi.50 

In einer F ;-Familie der Weizenkreuzung Tuscan x White Fife entdeckte 
Frankel 1933/34 zwei genetische Abnormalitaten, die er in dankenswerter 
Weise tiber einen langeren Zeitraum hinweg verfolgte und ausfiihrlich 
analysierte. Der eine Fall wurde als strukturelle Mutation (Duplikation) 
aufgeklart (1). Der zweite Fall betrifft einen gleichzeitig entstandenen 
Chlorophylidefekt vom Typ striato-virescens (2). 

An dieser die Chlorophyllbildung betreffenden Mutation ist besonders 
bemerkenswert, dass sich in Kreuzungen mit normalgriinen Genotypen 
eine polyfaktorielle Aufspaltung zeigte. Mit dem einen Elter der Ausgangs- 
kreuzung Tuscan und mit einer nicht verwandten Varietat Hunters ergab 
sich eine 3-faktorielle Aufspaltung. Mit dem zweiten Elter der Ausgangs- 
kreuzung ebenfalls eine 3-faktorielle, vielleicht sogar eine 4-faktorielle 
Aufspaltung. Die Aufspaltungen wurden durch F,-Daten, fir die 
Kreuzungen mit Tuscan und Hunters auch durch F,-Daten nachgewiesen. 

Cytologisch zeigten die Eltern der Ausgangskreuzung, wie auch deren 
F, und F, in spater wiederholten Kreuzungen, keine besonderen Unregel- 
massigkeiten. Hervorzuheben ist aber, dass die chlorophyllmutante Linie, 
die allerdings erst drei Generationen nach ihrer Entdeckung untersucht 
wurde, die Duplikation, d.h. die gleichzeitig entdeckte strukturelle Mutation 
ebenfalls enthalt. Die Kombination der genetischen Daten und der 
cytologischen Befunde aus den Kreuzungen mit den Elternvarietaten 
Tuscan und White Fife zeigen jedoch, dass die Aufspaltungen des Chloro- 
phylldefektes von den chromosomalen Verhaltnissen unabhangig sind. 

Zur Erklarung der auffallenden Tatsache einer polyfaktoriellen 
Vererbung des Chlorophylldefektes erértert Frankel folgende Méglichkeiten: 

(a) Drei Mutationen in einer polymeren Serie des hexaploiden Weizens 
sind unabhangig voneinander aufgetreten. Diese Méglichkeit ist als 
ausserst unwahrscheinlich abzutun. 

(6) Ein einzelnes mutiertes Allel ist durch autosyndetische Paarungen 
auf alle drei homologen Chromosomenpaare des hexaploiden Weizens 
iibertragen worden. Auch diese Méglichkeit wird von Frankel auf Grund 
der sonstigen Befunde mit Recht abgelehnt. 

(c) Es handelt sich um eine gleichzeitige Vielfachmutation, wobei die 
Gleichzeitigkeit durch besondere Verhaltnisse im Genotyp selbst begriindet 
ist. Ein zufalliges Zusammentreffen der strukturellen Mutation mit der 
Chlorophyllmutation ist unwahrscheinlich. Wahrscheinlicher ist, dass 
Letztere eine Folge der strukturellen Mutation ist, dass die Gleichgewichts- 
stérung durch die Duplikation die ‘‘ Elemente der Erblichkeit destabilisiert ”’ - 
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hat. Frankel halt also an der Annahme fest, dass es sich um eine multiple 
Mutation handelt und zieht daraus weitere Folgerungen iiber die Evolution 
und genetische Differenzierung polyploider Arten. 

Auf Grund der eigenen Arbeiten an réntgeninduzierten Mutationen bei 
Gerste (3), unter denen bekanntlich Chlorophyllmutationen in grosser Zahl 
auftreten, wurden die Probleme der Mutabilitat, der Genmanifestierung 
und der Genwirkung in Bezug auf den Mechanismus der Chlorophyllbildung 
eingehend durchdacht. Aus diesen Erfahrungen heraus sei darauf hinge- 
wiesen, dass die bisher durch Frankel vorgelegten experimentellen Daten 
durch einen einfachen Mutationsschritt und zwar durch eine wahrscheinlich 
mit der Strukturmutation in Zusammenhang stehende Deletion zu erklaren 
sind ; allerdings unter der Hypothese, dass in der Vorgeschichte der 
Ausgangskreuzung eine stille Ansammlung von Allelunterschieden, die 
den Chlorophyllbildungsmechanismus betreffen, stattgefunden haben muss. 

Diese Hypothese stande aber in Einklang mit den sonstigen Konzeptionen 
iiber die Manifestierung von Mutationen in polyploiden Arten und erforderte 


_ keine zeitliche Einschrankung fiir die einzelnen Mutationsprozesse. Damit 


wirden die weitgehenden allgemeineren Schlussfolgerungen von Frankel 
iiber die Mutabilitat in polyploiden Arten hinfallig, wenn sie auch durch 
ahnliche Literaturangaben, die von Frankel zitiert sind, gestiitzt sein 
kénnten. 

Es sei davon ausgegangen, dass die Kreuzungen der Mutante mit 
Tuscan und Hunters eine 3-faktorielle, mit White Fife eine 4-faktorielle 
Aufspaltung zeigen. Die genetische Konstitution von White Fife sei 
ABCdeX (homozygot), von Tuscan abcDEX, von Hunters etwa abCDeX. 
Aus der Kreuzung White Fife x Tuscan kénnen also Genotypen der Formel 
abcdeX herausspalten. Unter der Annahme, dass das Allel X iber alle 
sonstigen rezessiven Allele epistatisch ist, sind alle bisher genannten Geno- 
typen normal griin. Alle Allelunterschiede, die irgendwann entstanden 
sein kénnen, kénnen sich nicht manifestieren, da sie in Gegenwart von X 
die Chlorophyllbildung nicht stéren kénnen. Sie werden jedoch wirksam, 
sobald das epistatische Gen von X zu x mutiert oder durch Deletion 
verloren geht. 

Der Genotyp abcdex ist chlorophylldefekt. Kreuzungen dieser Mutante 
ergeben mit den Genotypen der Ausgangskreuzung entsprechend den 
experimentellen Befunden Frankels eine 3- bzw. 4-faktorielle Aufspaltung. 
Ebenfalls gibt der oben fiir die Varietat Hunters gewahlte Genotyp eine 
3-faktorielle Aufspaltung. Die Allelkombinationen sind dabei willkirlich 
aus einer Reihe verschiedener Méglichkeiten herausgegriffen. Selbstver- 
standlich miisste auch jedes der Allele A, B, C, D, E tiber das Allel x 
epistatisch sein, d.h. die Wirkung des Allels X ersetzen kénnen. Unter 
Beriicksichtigung der Hexaploidie der Art mit je drei Paaren homologer 
Chromosomen ware also fiir die Chlorophyllbildung ein Minimum von 
zwei Loci anzunehmen, wobei die Kennzeichnung der Allele sinnvoll 
durch A,-a,, Ag-da, Ag-ag und X erfolgte. Beziiglich 
der Genwirkung ware anzunehmen, dass sich die Loci A und X wechselseitig 


ersetzen kénnen, und dass eine “ Alles oder Nichts ’’—Reaktion in dem ‘ 


Sinne vorliegt, dass ein einziges dominantes Allel A oder X geniigt, um die 
normale Chlorophyllbildung sicherzustellen. 

Die Hypothese liesse sich relativ einfach, wenn auch mit nicht geringem 
Arbeitsaufwand, priifen, indem Aufspaltungen der Kreuzungen Tuscan x 


: | 
4 
| 
| 
| 
i} 
| 


REVIEWS 149 


White Fife, bzw. Tuscan x Hunters oder White Fife x Hunters in ihrem 
Allelgehalt durch Kreuzungen mit der mutanten Linie getestet wiirden. 
Die bisher von Frankel vorgelegten Daten stehen mit dieser Hypothese 
durchaus im Einklang, sie geniigen jedoch nicht als Beweis fiir ihre Richtig- 
keit. Sicherlich ist aber das Zusammentreffen des Chlorophylidefektes 
mit der Strukturmutation nicht zufallig. Dies bezieht sich auch auf den 
Hinweis, dass eine Linie mit einem telozentrischen Chromosom, bei dem 
der Arm mit der Duplikation fehlt, chlorophylldefekt ist : nicht “ incident- 
ally ’’, sondern “ necessarily ”’. 


(1) FRANKEL, 0. H. 1949. A self-propagating structural change in Triticum 
Iand II. Heredity, 3, 163-194, 293-318. 

(2) FRANKEL, 0. H. 1950. A polymeric multiple gene change in hexaploid wheat. 
Heredity, 4, 103-116. 

(3) FREISLEBEN, R., UND LEIN, A. 1943. Vorarbeiten zur ziichterischen Auswertung 
réntgeninduzierter Mutationen I und II. 2és. f. Pflanzenziichtg., 25, 235-283. 


REVIEWS 
INHERITANCE IN DOGS, with Special Reference to Hunting Breeds. Ojvind Winge. 

1950. Comstock Publishing Company. $3.50. 

A new book by Ojvind Winge cannot fail to be something of an event 
in genetic literature, for perhaps no living author has added so much 
to the diversity of genetic knowledge, or to our understanding of such a 
variety of genetic situations. It is particularly valuable that he has in this 
book put together what is known of the genetics of the dog, which has 
shared with many other domestic animals a neglect from which it is quite 
time they were rescued. 

Most conclusions in this field are without explicit experimental verifica- 
tion, for I believe that nowhere have identifiable genes been deliberately 
collected, whereby authentic specimens of the various breeds might be 
tested. Knowledge has been accumulated piecemeal, and identifications 
have not always been verified by breeding tests. Nevertheless, the author 
has been able to list sixteen factors affecting colour, and to give some 
account of their interaction, and these should cover the principal segrega- 
tions observable in the breeding of gun-dogs, to which the illustrative 
material is principally devoted. This list is a step in the direction of a 
standard notation for dog genetics, though no very radical reform of current 
usage is here proposed. For example, the extreme dilution of the Samoyed, 
caused by a recessive gene f, is here spoken of as albino, although true 
pink-eyed albinos admittedly occur, and are ascribed to a different recessive 
gene. It is not stated whether or not it is allelomorphic. 

A clear introductory account of genetic principles is given, with 
illustrations of factor interaction and epistasy. This should enable the 
intelligent dog breeder to see what he is doing, and to make an analysis 
of his stocks so far as colour inheritance is concerned. 

No case of linkage is mentioned, apart from Hutt’s remarkable finding 
of sex-linked hemophilia. This is not surprising as there are 38 pairs of 
autosomes. Analogies with colour factors in other species are not discussed, 
though the factor for white mottling, #, is closely analogous to the factor s 
in mice for recessive pied, and this analogy discourages the suggestion 
that the great range in the extent of colour in mottled dogs is due to multiple 
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alleles at one locus. All the factors listed have two known alleles except 
the C-series, including black and tan, in which six are listed. The albino- 
like series, smoked—Burmese—Siamese in cats seems to have no clear 
analogue in dogs. One could wish that the author should some day 
consider the canine factors with the analogy of other mammals in view. 

The book is finely produced with helpful colour-plates. 

R. A. FisHer. 
PAPERS OF THE ROYAL COMMISSION ON POPULATION. Vol. IV: Reports of the 

Biological and Medical Committee. H.M.S.O. 1950. Pp. iv 52. 

The Biological and Medical Committee’s terms of reference were “ to 
formulate for the assistance of the Royal Commission on Population, the 
biological and medical factors relevant to the Commission’s enquiry and 
generally to advise the Commission on the biological and medical aspects 
of the inquiry.” 

The Committee divided the field between (1) reproductive wastage 
_and (2) human fertility. The first of the three papers in the present volume 
deals with Reproductive Wastage which is due to five main causes: induced 
and spontaneous abortion, stillbirths, neonatal mortality and mortality 
between 4 weeks and 12 months, accounting for a total wastage of from 
15 to 22 per cent. of all children conceived. The uncertainty in the estimate 
is largely due to the difficulty of estimating the extent of abortion, which 
contributes a wastage of from g to 16 per cent. So far as the other groups 
are concerned, 2°3 per cent. is due to stillbirths, 2-0 per cent. to neonatal 
deaths, and 1-4 per cent. to deaths between 4. weeks and 12 months. The 
possible saving due to a reduction in spontaneous abortion is considered 
to be small, and while induced abortion could no doubt be materially 
diminished by an increased knowledge of birth control methods, this 
would not lead to an increased number of births. Stillbirths and infant 
deaths all show appreciable social grading, being greatest for Class V 
and least for Class I. If the social and medical welfare available to the 
two top classes were made generally applicable then it is considered likely 
that wastage from those sources could be reduced from 54 to 4 per cent., 
giving an additional recruitment to the population of 14 per cent. The 
actual extent to which this gain could be realised depends, as the authors 
point out, on whether parents tend on the average to produce families. 
of a predetermined size or whether they are discouraged by infant deaths. 
The former would tend to cancel the effect of a reduction in death rates, 
while the latter would enhance the additional recruitment obtained. 
There would probably be some average gain, but it is uncertain just how 
much. Another effect, which might depress the expected gain, is that the 
social gradings observed may be due to genetic rather than environmental 
differences. In the opinion of the reviewer, the report, which concludes. 
‘* that there is no satisfactory evidence to show that social class differences. 
in survival have an hereditary basis ’’, dismisses this possibility too readily. 
The facts discussed, while certainly consonant with the view that environ- 
ment is the major influence, are by no means incompatible with a mainly 
genetic interpretation, in spite of assertions to the contrary. We do not 
know what would happen if we performed the crucial experiment of 
transferring at birth large numbers of children from Class V to a Class I 
environment, and conversely. Moreover, the death-rate from congenital 
malformations varies in the ratio of 1 : 1-4 from Class I to Class V. The 
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infant mortality rate varies in the ratio of 1 : 2:2 over the same range, 
and this latter variation is considered by the report to be “large.” It 
therefore seems unreasonable of the Committee to regard the death-rate 
from congenital malformations as varying comparatively little and pointing 
to an absence of genetic factors. Actually, the disentangling of hereditary 
and environmental factors in this sort of situation is a very difficult 
proposition, and we can say little more than that there is a good prima facie 
case for the importance of both. 

The second paper deals with Reproductive Capacity and the Birth Rate. 
It discusses the possibility that there has been a decline in actual reproductive 
capacity since the 1870’s, and considers that the greater part of the reduction 
of the birth-rate is due to the spread of family limitation. Direct evidence 
of the existence of a decline in reproductive capacity is lacking. Some 
general considerations suggest that modern urban life brings with it a 
reduction of sexual activity as compared with the predominantly rural 
conditions of earlier times. It is thought that the greater nervous strain 
of town life and the increased number of alternative outlets for free time 
and energy might give rise to a decline. Again, certain statistical studies 
have shown a lower frequency of intercourse in urban, as compared with 
rural areas. On the other hand, the general improvement in diet and 
health, and the reduction of disease, might be expected to have the opposite 
effect. Moreover, evidence presented in Vol. I of the present series supports 
the hypothesis that the number of births which might be expected per 
married woman to-day, if contraception were not practised, is substantially 
the same as that achieved by Victorian married couples. 

The final paper deals with Involuntary Childlessness. The main distinction 
here is between a failure to effect fertilisation and a failure of successful 
fertilisation finally to result in a live birth. Various contributory causes 
and curative procedures are discussed. There is no evidence that medically 
approved birth control methods impair intrinsic fecundity, but further 
investigation is required. Reliable data on this subject are difficult to 
obtain, but it is tentatively suggested that perhaps 15 to 20 per cent. of 
involuntarily childless matings are preventable by known methods. 

The three papers taken as a whole, while collecting together much 
material having an important bearing on the problems in hand, place far 
too great an emphasis on the desirability of a mere increase in numbers. 
While it may well be true that certain measures will reduce much un- 
necessary reproductive wastage and promote fertility and childbearing, 
we have little information as to whether the net result would be, on average, 
eugenic or dysgenic. We do not wish to be thought to support those who 
oppose progress in social and medical welfare with some specious argument 
about interfering with Nature or preventing the survival of the fittest. 
On the other hand when measures are advocated, which if successful would 
result in an increase in quantity, it would have been wise to have enquired 
about the probable quality of the new recruits. Norman T. J. BAILEy. 


‘THE TREND OF SCOTTISH INTELLIGENCE : A Comparison of the 1947 and 1932 Surveys 
of the Intelligence of Eleven-year-old Pupils. Publications of the Scottish Council 
for Research in Education, XXX. University of London Press, 1949. Pp. xxviii+-I5I. 
Price 7s. 6d. 

In 1932 the Scottish Council for Research in Education conducted a 

Mental Survey of 11-year-old Scottish children, using a group intelligence 
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test ; a report was given in The Intelligence of Scottish Children (University 
of London Press, 1933). It was intended that the survey should be repeated 
on some later occasion. A repeat was in fact made in 1947, and the book. 
under review constitutes a preliminary report on it. The investigation 
was organised by a Committee under the chairmanship of Sir Godfrey 
Thomson. The main part consisted of a group intelligence test and a brief 
sociological enquiry, applied to all children born in 1936, or rather to as 
many as possible of them, about 94 per cent. This was supplemented by 
some special small-scale sampling enquiries, in which an _ individual 
intelligence test (Terman-Merrill revision of the Binet test) was used and. 
more detailed sociological information was obtained. 

The successful conduct of such a survey involves making many com- 
promises between conflicting needs. Much information that one would 
like to have is either too costly to obtain or of a sort that many persons. 
questioned would refuse to give. For one as little acquainted with the 
background of this work as the reviewer, it would be rash to express an 
‘opinion as to the soundness of the compromises actually made. But one can 
say at least that the book is written with admirable clarity, and its authors 
show themselves always fully aware of the difficulties of interpreting their 
material. The very great task of carrying out the survey seems to have 
been accomplished remarkably successfully ; and a detailed account of 
it is given, from the preliminary circularising of schools to the marking 
and coding of scripts and schedules. Some of the results are summarised 
here, and it is intended that further volumes will be issued when more 
detailed analyses have been completed. 

The immediate reason for conducting this survey only fifteen years after 
the 1932 survey was the fear that a negative correlation between size of 
family and intelligence of children was leading to a decline in average 
intelligence. The 1947 survey has shown this negative correlation clearly, 
but has surprisingly also shown a small but significant rise in average score 
in the group test, not a fall ; while the individual tests have revealed no 
significant change in Binet I.Q. Possible reasons for this effect are suggested. 

The investigation is clearly of great general interest, and may prove 
eventually to be also of great value. It is proposed that further researches 
should include a follow-up of the careers of a sample of the children. 
Professor Thomson remarks in the preface: ‘‘ Our hope is that from 
this work we, or rather our successors, may learn how to smooth the path 
of the able, to help along the less well endowed, to give guidance about 
schooling and careers, to advise those in authority who make regulations 
and control finance, and generally to help Scotland and Scots yet unborn 
to a life of greater happiness, of less hardship, and less frustration.” If 
that hope is realised, not only Scots will benefit. F, J. ANSCOMBE. 


DISCUSSION ON THE PRESENT STATUS OF RADIATION GENETICS, given at Informa-- 
tion Meeting for Biology and Medicine of the Atomic Energy Commission sponsored 
by The Biology Division, Oak Ridge National Laboratory, U.S.A., March 1948. Published 
> The Wistar Institute of Anatomy and Biology, Philadelphia. 1950. Pp. 210. J. Cell. 

omp. Physiol., 35 : Sup. |. 

The present symposium (held at Oak Ridge in 1948 and published in 
1950) covers nearly all aspects of present inquiry into the biological effects. 
of radiation. It was the first conference to use “ Declassified ” information. 
on this subject in the United States. 
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The materials and methods are highly diverse. Muller treats the theory 
of induced mutation in Drosophila in a technical, controversial and highly 
detailed way of great interest to the specialist. Sax treats the theory of 
chromosome breakage in a lucid introductory manner omitting discussion 
of the underlying disputed points, some points indeed which might have 
been disputed by other participants if the account had been more detailed. 
Others describe the effects of treatment of bacteria, protozoa, and fungi 
(but not viruses) as measured by mutation frequency while Randolph 
records the precise effects of the Bikini bomb on the growth of maize seed 
within range ofits action. Sewall Wright concludes that, even after making 
a number of uncertain and perhaps inadequate assumptions, he is unable to 
predict the long-term consequences of irradiation for populations. 

Three papers are perhaps of special interest. Wyss and others discuss 
the effects of ultra-violet irradiated substrate in inducing mutation in 
Escherichia coli. Mazia and Blumenthal show the dose-inactivation effect 
of X-rays on an enzyme substrate film. And Carlson reveals the direct 
action of X-rays on prophase stages of mitosis. These last three papers 
came nearest to discussing what connection the different aspects of the 
subject have with one another. Unfortunately the study of the connections. 
between the physical, the physiological and the genetic is just the trouble- 
some part of this as of other biological problems. This symposium is 
valuable. But let us hope that before many more are held someone will 
undertake to formulate the problem as a whole. C. D. DaruincTton. 


A REVIEW OF THE CHROMOSOME NUMBERS IN ANIMALS (1944) appended with recent 
additional data orn By Prof. S. Makino. Tokyo: Hokuryukan Publishing Co. 
Ltd. 1950. Pp. 13. 

Makino has revised and enlarged his list of 1937. It includes some 
2800 species and covers the whole animal kingdom (excluding the Protozoa). 
The list is not critical nor apparently meant to be so, but it will be useful 
as a general reference book since the bibliography is fairly complete up to 
1948. The nomenclature is always a problem in such works, but here it is 
not consistent. The families are new but the species are old. Important 
and particularly reliable works ought to be marked out in some way. 
There are a large number of misprints, but fewer than in McClung’s list 
of 1939. It is to be hoped that the American edition will be enlarged to 
include references since 1948. MUuLDAL. 


PRINCIPLES OF HUMAN HEREDITY. By Curt Stern. San Francisco, California : W. H. 

Freeman & Co. Pp. xi 617; 198 figures, 99 tables. 

This will become one of the indispensable textbooks of genetics ; 
one may hope also that it may be thought indispensable by those who 
arrange the work of medical students, though medical courses do not 
on the whole encourage that belief. For here we have a book written by 
an accomplished Geneticist and distinguished research worker in a clear 
and uninvolved style ; and Dr Stern’s knowledge of human genetics well 
fits him to produce such a study. It is the misfortune of a reviewer that 
he must draw attention to what he regards as omissions or errors ; so that 
he must devote a relatively large amount of space to criticising a book 
which he admires. 

One serious lapse in Dr Stern’s book relates to his treatment of 
*‘ continuous variation.” For here the entire subject of “ multifactorial 
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inheritance” is treated without reference to polygenes. The word does 
not appear in the Index, I cannot find it in the text, and certainly the 
whole theory of the subject is developed without reference to the polygene 
concept. This is a considerable defect, and one must judge this section 
out of date. Moreover, such a failure is rather necessarily related to its 
cytological implications, and the distinction between euchromatin and 
heterochromatin is not discussed. From the earliest days of genetics, 
misconception has clouded the analysis of ‘‘ continuous variation,” and 
it is unfortunate that the omission of polygene systems tends still to obscure 
it in this book. Indeed mention of the localisation of polygenes in the 
heterochromatin would have illuminated the discussion of the physical 
basis of heredity. 

Sex-linkage, in its three forms, is very well described. At the physio- 
logical level, however, that on which sex provides an environment for the 
action of the genes, mention must be made of a few rather obscure passages. 


On pp. 337-8 is a discussion of “‘ the higher frequency of many human 


abnormalities among males than among females.”” This I take to mean 
that certain conditions (e.g. the allergies and baldness) are commoner 
in men than in women : an example of partially sex-controlled inheritance. 
A list of such qualities would have been useful. Though sex-control 
certainly does seem to favour male rather than female expression in man, 
I judge it might be difficult to establish the fact formally. Having rightly 
excluded the co-operation of sex-linked genes as an explanation of this 
apparent tendency, Stern remarks: ‘“‘It may be concluded that the 
developmental interpretation is correct, i.e. the higher frequency of affected 
males than females is due to higher penetrance of autosomal genotypes 
in the two sexes” (presumably “in the male sex” is intended). And 
here the matter is dropped. Why is penetrance unequal and biassed in 
favour of the male ? No suggestion is offered. It may be that no reasonable 
one can be given, but just conceivably a selective interpretation might be 
tried. In primitive societies, choice in marriage may well have fallen 
more upon the male than the female ; so favouring relatively stable female 
types, which might involve relative stability of the physiological environment 
in which the genes must act. We see the reverse situation in the butterflies, 
where the female is usually stimulated by the sight and scent of the male 
and, correspondingly, in that group there is a great excess of characters 
sex limited to the female. Such a suggestion is, of course, purely speculative, 
but it underlines the need for an explanation of the matter, as apart from a 
mere statement in terms of genic action. 

It is a deplorable fact that those who read books on human genetics 
will, with increasing concern, turn to the chapter on the induction of 
mutation by penetrating radiation and the effects of that process. Here 
this subject is handled excellently. In regard to mutation in general, the 
relevant facts are well used elsewhere in the book to demonstrate the 
impossibility of Lamarckian effects. However, it is unfortunate that in 
Chapter 27 mutation is treated as an important agent in the control of 
evolution (e.g. p. 580), as apart from providing the ultimate supply of 
genetic diversity. In this section, R. A. Fisher’s demonstration of the 
extreme rarity of genes effectively neutral as regards survival value is not 
quoted and should have been an essential feature. Furthermore, in the 
calculations on the spread of genes an aspect of crucial importance seems 
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to be omitted : that of the great and frequent fluctuations in numbers of 
animal and plant populations. This Chapter contains an appeal to 
Sewall Wright’s theory of “‘ drift ” as “‘ powerful in leading to the establish- 
ment of non-adaptive, neutral characters, or even slightly unfavourable 
traits which must be taken into account as an evolutionary agent together 
with mutation and selection” (p. 593). No indication is given of the 
serious criticisms, theoretical and experimental, to which this concept is. 
now being subjected. 

Dr Stern rightly points out (p. 49) that rare human abnormalities 
are, when under unifactorial control, generally either heterozygous or 
recessive qualities and that we have little ground, theoretical or observa- 
tional, for regarding them as dominants, though he calls them such later 
in the book. A short discussion of the theory of dominance, showing why 
rare abnormalities cannot become true dominants, while the less common 
genes of a genuine polymorphism can do so, would have been helpful here. 
Unfortunately, however, Stern seems to use the term polymorphism loosely 
and without strict definition (e.g. p. 556 and Chapter 27). Thus the 
important genetic and evolutionary significance of this remarkable 
phenomenon are obscured. 

Among the less satisfactory sections of this book are those dealing 
with the blood-groups. These, perhaps unfortunately, are scattered instead 
of being brought together. The account of the blood-groups here presented 
is correct, but was in certain respects already some years out of date in June 
1949 (when the Preface is signed). That this is a serious matter can be 
ascertained by comparison with the latest authoritative survey of the 
subject : that by Race and Sanger, published in August 1950. Stern’s 
book appeared in the latter half of 1949, which should have allowed time 
for the inclusion of the Lutheran, Kell, and Lewis groups (all detected in 
1946), and certainly for P which has been known for a number of years. 
The human blood-group genes are important not merely in serology as 
such but in marking the chromosomes, and these additional ones form a 
valuable addition to such markers. 

In general, the type is conveniently large, the index fully adequate, 
and the text-figures excellent. Unfortunately very few of the photographs 
are original. Since the great majority are taken from other works, the 
reproduction of some of them is very poor (e.g. figs. 26, 170 and others). 
If it proved impossible to obtain new illustrations, or ones superior to these, 
it would have been better to omit them. E. B. Forp. 
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GENETICAL SOCIETY OF GREAT BRITAIN 


ABSTRACTS of Papers read at the HUNDRED AND FOURTH MEETING 
of the Society, held on I5th NOVEMBER 1950, at the GALTON 
LABORATORY, University College, London, W.C. | 


A GENERAL THEORY OF SELF-INCOMPATIBILITY 


A. J. BATEMAN 
John Innes Horticultural Institution, Bayfordbury, Hertford, Herts 


Biologists, attracted by the simplicity of East’s scheme for the inheritance of 
self-incompatibility in Nicotiana, have tended to assume the operation of a similar 
mechanism in any other self-incompatible species until it has been disproved. It 
must be admitted that the number of species in which a Nicotiana-type of mechanism 
has actually been proved by adequate testing is rather small. On the other hand, 
there have been very many species in which the Nicotiana scheme has been found 
inadequate. This applies in particular to the Crucifere. Experimenters had been 
led to make many more or less plausible modifications which have, however, been 
seldom put to critical tests. Evidence is accumulating that the Composite are 
quite different again in the self-incompatibility mechanism. An attempt is made 
to derive a generalised scheme which will fit a wide range of species. 


CLOSE LINKAGE OF THREE LOCI CONTROLLING BIOTIN 
REQUIREMENTS IN ASPERGILLUS NIDULANS 


J. A. ROPER 
Department of Genetics, The University, Glasgow 


It has been suggested (Pontecorvo, 1950) that close linkage might be expected 
between genes controlling steps in biochemical reactions of millimicromolar order. 
A first attempt to investigate this has been made with three biotin-requiring strains 
of A, nidulans all responding to biotin or desthiobiotin but not yet further characterised 
with other possible precursors. 

(1) The three requirements are conditioned by three different genes since 
crosses two by two of the strains in all cases give prototrophs. (The 
complementary classes of double requirers cannot yet be identified.) 

(2) The three loci, 5i,, bi, and bi, are very closely linked and any two of them 
cannot be more than 0-4 unit apart. This has been shown both by 
recombination tests two by two and by testing each locus for linkage 
with the locus y (spore colour) which had already been shown (Pontecorvo, 
Forbes and Adam, 1949) to be 5:5-+0-9 units (all available crosses in 
repulsion) or 4°8-(0°6 units (all available crosses in coupling) distant 
from bi,. The loci bi, and bi, have been shown to be 4°3-++1°0 units and 
4°:0-+0°8 units respectively distant from the y locus. The order of the 
genes and a more precise biochemical characterisation of the mutants 
are being investigated. 


MOTTLED, AN INHERITED PHENOTYPE IN MICE 
A. S. FRASER and S. SOBEY 
Institute of Animal Genetics, Edinburgh 
The mottled phenotype has been traced through three generations of crosses 
to normal. It is inherited in a dominant manner, but does not give the 1 : 1 ratio 
expected from a monogenic segregation. All the mottleds (14) have been female, 
a significant deviation from the normal sex ratio. The overall sex ratio in progeny 
157 


158 GENETICAL SOCIETY OF GREAT BRITAIN 


from mottleds is abnormal, approximating to 2 92:1 gd, whereas the sex ratio 
in progeny from the normal offspring of mottleds is 1 99:1 gg. These facts can 
be interpreted as the results of the mottled phenotype being a dominant effect of 
a gene which has a prenatal lethal effect so far shown only in males. This restriction 
can be explained either by sex-linkage or by sex-limitation. 


A PROBABLE DELETION IN A HUMAN Rh CHROMOSOME 


R. R. RACE and RUTH SANGER 
Medical Research Council Blood Group Research Unit, Lister Institute, London 
A sample of blood has been found to lack any detectable representative of the 
C and E series of allelomorphic antigens. The genotype of the donor may therefore 
be written -D-/-D- ; that she is homozygous for this extraordinary chromosome 
is due without doubt to her parents being half second cousins. 
Of various possible genetical explanations the most probable seems to be that 
the C and E genes have been involved in a small deletion ; but whatever the cause, 
-the fact that C and E and not D are affected supports Fisher’s tentative proposal, 
made some years ago, that the order of the genes on the chromosome is DCE. 
Further, the separation of C and E from D answers the highly controversial question 
of the separability of these genes. 


NUCLEAR INCORPORATION OF P® AS DEMONSTRATED 
BY AUTORADIOGRAPHS 


ALMA HOWARD and S. R. PELC 
M.R.C. Radiotherapeutic Research Unit, Hammersmith Hospital, London, W. 12 


The use of the autoradiograph technique permits the presence of a radioactive 
tracer to be detected in individual cell nuclei. Using root-tips of Vicia faba seedlings 
grown in P%2 as NaH,PO,, which after fixation were treated with N/1 HCl at 
60° C. to remove phosphorus compounds other than nucleic acid, phospholipid, 
and phosphoproteins, the time of synthesis of these compounds can be determined 
in relation to the cell cycle. The autoradiographs are mainly due to P*? in the 
cell nuclei. From the first appearance of autoradiographs above dividing cells 
and from the percentage of cells with autoradiograph in the meristem and in the 
proximal differentiating region of the root, it is concluded (1) that nuclear in- 
corporation of P** in the observed organic form takes place during the resting. 
stage but not during cell division, (2) that this incorporation occurs only in nuclei 
which are preparing for division, (3) that P® so incorporated is inherited by the 
daughter cells. 


COMPOUND CHROMOSOMES AND POLYPLOIDY IN 
SPIROGYRA 


M. B. E. GODWARD 
Queen Mary College, London 


Those species of Spirogyra in which there is parallel separation of chromatids 
also have a prophase in which the chromosomes are seen as a number of widely 
separated dots, which approach each other and finally become associated in linear 
sequence to form a few large chromosomes at metaphase. Other species have at 
metaphase large numbers of dot-like chromosomes, or small linear ones in which 
the activity of a median centromere can be observed. 

It is suggested that the large chromosomes are associations of small ones each 
possessing a centromere ; or that they have become differentiated into regions each 
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possessing the characteristics of a dot-like chromosome. Thus they are polycentric 
and there is no need to postulate diffuse centromeres to account for their behaviour 
and shape. The recent statement by Hedda Nordenskidld (Uppsala) that in 
Luzula hybrids the small chromosomes pair with parts of the large ones at meiosis 
also seems to point to the compound nature of the large chromosomes in Luzula 
and adds weight to the above suggestion of compound chromosomes in Spirogyra. 
Thus polyploidy in Spirogyra, where the chromosome number ranges through 
numerous intermediate numbers from 4 to 84 large, medium, and dot-like chromo- 
somes, would be a different phenomenon from polyploidy as usually understood. 
In the species with 2 “ compound ” chromosomes there is evidence that these are 
two homologous pairs. Thus the ‘“‘ compound ” chromosomes are associated with 
** normal ” polyploidy. 
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